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AIjSTRACT 

A sumnary is given of the vork performed i n  a 16-month program t o  study the 
e f fec ts  of hydrogen on forged (STA) Ti-6Al-4V ELI material  containing a 

f i l l e r l e s s  weld. 
Task I - Literature Survey, Task I1 - Tensile Tests of Welded Ti-6Al-4Y ELI, 

Task I11 - Fatigue Tests of Welded Ti-6Al-4V ELI. 

The program was divided i n t o  the  following three tasks.  

The t ens i l e  data showed tha t  there w a s  no gross change ir; the t e n s i l e  properties 
of oxide f r ee  samples of Ti-6U-4V ELI 89 a result of testing i n  hydrogen gas. 

"here was, however, a s l igh t  decrease (approximately 1 t o  3%) i n  the  t e n s i l e  
properties fo r  those samples tested i n  hydrogen environments regardless of t h e  
additional testing parameters. 

# A hydrogen environment was found t o  increase the  fatigue crack growth rate i n  
Ti-6Al-bV ELI  (STA) and weld material i n  the temperature range of ambient t o  
-10O0F. A t  -200°F, there  was no s ignif icant  difference between the crack 
growth rates obtained i n  helium and hydrogen gas. The degree of hydrogen 
enhanced crack growth was found t o  be depndent on the  stress in tens i ty  range, 
temperature, and microstructure of the material. 
growth was explained by using a model inil4ving hyuogen diffusion. 

The hydrogen enhanced crack 
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The increasing use of titanium alloys i n  hydrogen environmenta has resulted in 
conaideiable in t e re s t  i n  the i r  mutual compatibility. 
hydrogen i n  eolution o r  precipi ta ted as a hydride c.m aerlcrusly enbrittle 

t i t an iun  alloys.  
titanium alloys c lear ly  demonstrate the a e r i o u  degradation of mechanical 

It i a  wall  k n m  that 

Material evaluation studies conducted on hydrogenated 

prc,,:-+,iea aosociated with the presence of large quant i t ies  of absorbed 
hydTogen (1,2,3) 

The parameters which con: 
alloys w i l l  absorb when exhosed t o  a hydrogen environment ar- not well defined. 
A t  re la t ive ly  high temperatures, titanium alloys rapidb- absorb hydrogen vith 

the  rate and quantity of absorptior; b e i q  dependent primarily on the  

temperature. ( 4 )  However, at ambient and cryogenic temperatures, absorption 
depends on R number of additional parameters including the condition of the  

material's surfaces,  the  amount of stress i n  t h e  material, and t h e  pur i ty  of 
thc hydrogan gas. (*,6,7,8) 
space vehiclcs involve ambient t o  cryogenic temperatures i n  hydrogen environ- 
menta? it i s  important t o  understand the  conditions tha t  promote absorption 
and subsequent embrittlement at these temperatures. 

. t he  rate and quantity of hydroge. .. that  titanium 

Since many applications of titanium d l o y s  i n  

The object of t h i s  investigation was t o  detennhe t h e  e f fec ts  of a hydrogen 
environment on the  t ens i l e  properties and crack growsh rate of forged and 
welded Ti-6Al-4V ELI material i n  the  solution tre&ted an& aged (STA) condition. 
To accanplish t h i s  objective,  the program was divided i n t o  three basic tasks 
as follows: 

Task I -- A survev of the technical l i t e r a t u r e  on t h e  absorption 

of external hydrogen by titanium w a s  made. 



Task 11 -- Tensile t e s t s  vere conducted on forged material at 
mbient  temperature using chemically Clem Ti-6fi-4V ELI speci- 
mens with transverse w e l d s .  The efiac+ of hydrogen preesure, 

stress, strain, abrasion with iron, an. microstructure on the  

hydrogen absorption and wbsequent tensile properties of the 

unprotected mterid vas determined. 

Task I11 -- Fatigue tests w e r e  conducted on forged material 

using precraclsed Ti-6Al-4V ELI specimens v i t h  trsnsverse 
welds. 

t h e  material  as a flrnction of temperature ( a b i e n t ,  Oo, 

-looo, -200'F) and microstrccture (veld and STA parent material) 
wes determined. 

The e f fec t  of hydrogen on the crack grovth rate of 

2 



TASK I -- LITERATURE SURVEY 

General Discussian of Metal-Gss Reactions 

I3 vas recognhed by Smithella t h a t  three main processes occur when a metal 
surface is exposed t o  a gaseous atmos@ere. ('I The first reaction tha t  w i l l  

occur is the adsorption of gas onto t he  lnetal surface. The gas w i l l  then be 
&sorbed i n t o  the  surface followed by diffusion i n t o  the  i n t e r i o r  of the 

setal. 

t i on  can be present. 
The rate of permeation of the gss through the metal msy be contrcl led by any 
one or all of the above mentioned variables. 

I n  the par t icu lar  case of t i tanium and hydrogen gas, a fourth reac- 
(7 )  That reaction is the ionustion of t i tanium hydrides, 

In  the fol3.oUing smmary, a detailed discussion is  given on the reactions 

occurring betveen metal s\t-faces and gaseous atmospheres as apr l ied  t o  the 

titanium-wdrogen system. 
properties of the material arc &so e x d n e d .  

The effects of these react ions on t he  mtichanical 

Adsorption 

Adsorption is  +&e first process thet occurs when a gas is placed I n  contact 
w i t h  a metal s-urface. 
held i n  place by the force f ie ld  produced by the surface atam of the  metal. 
Langmuir has suggested that the range of the surface forces resFonsible f o r  

Since the  range of the forces is  absorption are on the  order of 
less than the diameter of most gas molecules, the adsorbed layer  of gas would 
be expected t o  be only a f e w  molecules thick,  According t o  Langmuir, 88 the 

surface becomes covered with a layer  of adsorbed gas, molecular dissociat ion 
occurs whereby t h e  gas molecules lose their iden t i ty  i n  the adsorbed layer .  

The gas impinging on the  surface c o d e m e s  and is  

(10) an. 

The amount of gas adsorbcd by a uni t  surface area of a m e t a l  is dependent on 
Langmuir has the gas pressure and t he  temperature of the metal surface. 

shown that the t o t a l  amount of  gas adsorbed onto a uni t  area of a surface is 
a hyperbolic function of the gas pressure. (lo) 
such as hydrogen, the equation was  modified t o  involve the  square-root of the 

(11) 

In  the case of a diatomic gas,  

3 



gas pressure. 
incomplete, the  t o t a l  sm0ur.t of gas adsorbed is  proportional t o  t h e  square- 
root of the gas pressure. 

In  par t icular  a t  low pressures, where t h e  adsorbed l aye r  i s  

The temperatwe dependency of the adsorption reaction, i n  many cases, cannot 

be represented by a specif ic  function. Benton end White have determined the  
amount of hydrogen that  vi11 adsorb oqto nickel powder at three d i f fe ren t  
pressures as a function of temperature. (12) Their s tudies  ahow t h a t  with in- 

creasing temperatures, the quantity of gas adsorbed f a l l s  t o  a minimum value 

end then increases. 
adsorbed again decreases with increasing temperatures. 
t h i s  type of adsorption, referred t o  as chem-sorption, i s  associated w i t h  gas- 

metal systems t h a t  can form a def in i te  chemical compound. (') 

8dSOrptiOn would be cxpected t o  occur i n  the  titanium-hydrogen system since 
titanium hydrides can readi ly  be formed. The temperature dependency of hy- 
drogen adsorption on titanium i s  not known. 
hydrogen w i l l  adsorb or-to a clean surface of pure titanium a t  lb°K i n  a vacuum 

AfLer achieving a maximum value, t he  amount of gas 

Smithe l l s  states tha t  

This type of 

However, it has been shown t h a t  

The e f fec t  of an adsorbed gas on the  mechanical properties of a metal were 

discussed by Petch. (I4) He proposed tha t  the  fYacture stress fo r  i ron  can 
be lowered by the surface adsorption of hydrogen gas. The stress required 
t o  erilarge a surface crack i n  a so l id  is given as a Cirect function of the  
material's surface energy. 
energy for  i ron  is lowered by an adsorbed l aye r  of hydrogen thus resu l t ing  i n  
a corresponding decrease i n  the material's f racture  stress. 

Calculations made by Petch show tha t  the surface 

Absorption of Hydrogen by Titanium 

The r a t e  and quantity of hydrogen absorbed by titanium i s  a function of a 

number of variables. These variables include temperature, environmental con- 
d i t ions ,  surface cleanliness,  microstructure, a l loy content, applied stress, 
and gas pressure. 

4 



Temperature 

The absorption of hydrogen by t i t a n i , m  I s  strongly temperartwe dependent. 
Bamberger and Knapek showed t h a t  Ti-6h-4v  did not absorb hydrogen during an 
exposure of 30 days tit 392'F. 
material increased from 4 ppn t o  645 ppm after 30 days at 752'F. 
commercially pure titanium and a hydrogen gas pressure of 2 an, Gulbranaen 
and Andrcv examined the rate af hydrogen absorptlon 8s a function of time 
snd temperature. (15) Absocption vas found t o  s t a r t  at about 55boF w i t h  the 

r a t e  of t h e  reaction incr.asing rapidly with increasing temperature. 
several t e s t s  conducted r . t  a b i e n t  temperature, evidence w a s  found of hydro- 

gen absorption by pure and t _loyea titanium. (6s7*8~16) A f e w  studies vere 
performed 8t very lov ";eqer&tures; i n  these studies no evidence of adsorption 

vas fmnd below -100'F. 

However, the  hydrogen content of the  
U s i n g  

In 

(6,171 

Environmental Conditions 

The absorption of hydrogen by titanium at low temperatures i s  dependant on 
the purity of the hydrogen atmosphere. 
small quan$ities of oxygen or  water s ignif icant ly  reduce t h e  tendency fo r  
absorption. (6 '16) Quantitative results vere presented by Bomberger and Knapek 
vho showed that 0.1 t o  1.0% of ox;;-gen or water rtrongly inhibited hydrogen 
absorption by titanium alloys.  

Contaminatioil the  hydrogen gas by 

(5) 

Surf ace Cleanliness 

I n  a l l  low temperature studies of hydrogen absorption by t i t an iuu ,  t h e  need 
for an oxide-free surface was evident. (6'798y16'8) 
removed or  broken i n  sane wey, no rcactioa occurred. 
conducted at ambient temperature i n  hydrogen gas give d i rec t  evidence of 
t h i s  requirement, (19) 

i n  hydrogen gas thus exposing a clean oxide free surface t o  the hydrogen. 

Unless the oxide vas 
Sustained load tests 

Crack growth occurred only after the crack w(t8 extended 

Microstructure nnA A1.l.o~ - Content 

Hydrogen &sorbed by canmerciRily p r e  titanium or  predominantly alpha alloys 
i a  concentrated primarily at; t h e  mr).ceriai'~ surface i n  the  form of titanium 
hydrides. (16'20) Therefore, t h e  quantity of h$rogen aboorbed i s  dependent 

5 



on the d i f fus i  ate of hydrogen through the  hydride layer.  However, it 

w a s  faun? 

mater ia l '  microstructure. An acicular  s t ruc ture  shoved a greater  depth of 
hydride penetration than an equiaxed s t ructure .  

.it the  depth of the hydride l aye r  was a lso affected by the 

(21  1 

Titanium al loys containing small amounts of t h e  beta phase were found t o  

absorb more hydrogen than pure titanium or a l l  alpha al loys.  
was par t icu lar ly  noticeable vhen the  material was heat t rea ted  t o  produce an 
acicular  s t ructure .  
s t ructure  adsorbed twice as much hydrogen as pure titanium, while the  acicular  

s t ruc ture  absorbed three times as much hydrogen. 
cates Slat i n  alnhn-bets a l loys,  the t o t a l  amount of hydrogen absorbed is 
directly re la ted  t o  the  amount and d is t r ibu t ion  of t he  beta phase. 

(20,2122) This 

I n  a Ti-Fe alloy containing 2% re tained beta, t he  equiaxed 

This data  clearly indi-  

Stress 

The e f fec t  of stress on the  amount of hydrogen absorbed by four d i f fe ren t  
titanium alloys w a s  determined at 752°F.(5) 
hydrogen absorbed tended t o  be grea te r  i n  the  stressed material as campared 
t o  the unstressed material. In  the four a l loys tested, the  application of 

stress approximately doubled the  amount of hydrogen absorbed, 

It was found tha t  t he  amount of 

HydrQgen Gas Pressure 

In  a study of the reactions of titanium w i t h  hydrogen, pure titanium at am- 
bient  temperature was  exposed t o  hydrogen gas at pressures ranging from 2 psig 

t o  1000 psig. 
the hydride surface layer  end the  hydrogen pressure. It was shown t ha t  t he  
thickness of the hydride layer  increased with increasing hydrogen pressure. 

A def in i te  correlat ion was  found between the  thickness of (16 1 

The embrittlement of alloyed titanium by high pressure hydrogen w a s  examined 
by exposing notched Ti-6Al-4V (STA) specimens t o  10,000 psi  hydrogen fo r  
24 hours pr ior  t o  testing.(23) The t e s t  results showed a reduction of approxi- 
mately 35 percent i n  the notch strength as compared t o  t h a t  found i n  10,000 

psi  helium. 

of a dark band par t  way around the fracture .  
peared t o  be d i rec t ly  proportional t o  the degree of embrittlement. 

Visual examination of the fracture  surface showed the  appearance 
The s ize  of t h i s  dark band ap- 



Diffusion of Hydrogen i n  Titanim Alloys 

The absorption r a t e  of hydrogen by titanium al loys is  dependent on the r a t e  of 
hydrogen diffusion i n t o  the material. 
v i ty  of hydrogen in hcp and bcc Ti-H alloys i n  t h e  temperature range of 6 5 0 O  t o  
l0OO0C. (24) 
coefficients of hydrogen i n  a and 8 titar.ium: 

Wasilewski and Kehl meaaured the  d i f fus i -  

Their results yielded the  following equations fo r  the diffusion 

-12,380 + 680 
= 1.8 x lo'* exp[ 

E(T - 1  

-6,640 + 500 
D,-, = 1.95 x expi RT - 1  

where D i s  i n  sq. cm. per sec., T in OK, and R the  gas constant i n  cal .  per  

g-atom -KO. 

A similar  study was made by Papazoglou and Hepworth who detemine t h e  diffusion 
coefficient for hydrogen i n  hcp and bcc titanium i n  the  temperature range of 
610' t o  gOO°C.(4) Their data showed the  diffusion coeff ic ient  f o r  hydrogen i n  
hcp titanium t o  be as follows: 

-14,700 5 650 
RT 1 0 3.0 x exp[ 

Only three measurements of d i f fus iv i ty  i n  bcc titanium were made at 900°C, t h e  
d i f fus iv i ty  i n  8 was found t o  be 1.8 x sq. an. per see. 

The d i f fus iv i ty  data for hcp solutions of Wasilewski and Kehl appear t o  be 

la rger  than those determined by Papzoglou and Hepworth. 
experimental approach taken by Papzoglou and Hepworth, t h e i r  data is  considered 

t o  be more reliable. 

Because of the d i rec t  

Location of Hydrogen i n  Titan& 

When hydrogen 1s absorbed by t i tan ium,  it can e i t h e r  form a solid solution o r  
precipi ta te  out 89 a hydride. The probabili ty of hydride precipi ta t ion de- 
pends hewi ly  on the  alloy content. (25 )  Aluminum, i n  par t icu lar ,  increases 
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the  solubi l i ty  l i m i t  for hydrogen thereby decreasing the tendency f o r  hydride 

precipitation. (26) When the hydrogen content exceeds the  so lub i l i t y  l i m i t  of 
the material ,  hydride precipi ta t ion occurs. (27 $8 $9 

In BP alpha-beta a l loy,  the absorbed hydrogen i s  concentrated prirmrily i n  the  
beta  phase. (30s31) Since the  so lubi l i ty  of hydrogen i n  tho beta phase is con- 
siderably higher than i n  the alpha phase, (4 '30) the alpha-beta alloys can 
absorb more hydrogen without hydride precipi ta t ion than the all alpha alloys.  

Hydrogen hb r i t t l emcn t  of Titanium Alloys 

High concentrations of hydrogen i n  pure or  alloyed titanium can ser~ou51y 

embrittle the material. 
d i s t i nc t  types based upon rate of load application. (3**33)  hey are impact 

embrittlement and lov-strain-rate embrittlement. Both are believed t o  result 
frm a decrease i n  so lubi l i ty  of hydrogen i n  titmium w i t h  the behavior dif- 
fel-ences a t t r ibu ted  t o  differences in kine t ics  of hydride precipi ta t ion.  If  

massive hydrides are already present,  impact embrittlement i s  observed. 

no hydrides are present, t h e  a l loy  w i l l  be supersaturated with respect to 
hydrogen and the  application of st- -ss w i l l  result i n  hydride precipitation. 
Low-strain-rate embr i t t l aen t  is then observed. 

This embrittlement is commonly separated i n t o  two 

If 

(34)  

Impact embrittlement is usually associated with hydrogen contaminated alpha 
al loys,  the l o v  temperature close-packed-hexagonal form of titanium. 
The embrittlement becomes more se*;ere with increasing hydrogen content, in- 
cre8sir.g s t r a in  rate, decreasing temperature, and the presence of notches. A 

high hydrogen content can also result i n  impact embrittlement i n  be ta  a l loys,  
the body-centered-cubic form of titanium, 89 w e l l  85 alpha-beta alloys, 

The hydrogen content requirement for. impact embrittlement f o r  t h e  latter alloy 
i s  i n  excess of that  required f o r  low-strain-rete embrittlement. 

( 3,26,35,36) 

( 37,39 1 

Low-strain-rate embrittlement is usually observed i n  hydrogen contaminated 
alpha-beta a l loys,  but  has a lso  been reported i n  both all alpha and all beta 

dlOyB. (40-44) The severi ty  of t h i s  type of embrittlement increases with 
increasing hydrogen content, decreasing s t r a i n  r a t e ,  and decreasing temperature. 
Further temperature decrease results in a recovery of duc t i l i t y  which has been 
a t t r ibu ted  t o  the decreased r a t e  of hydrogen diffusion. (45) 
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TASK I1 -- TENSILE TESTS 

Experimental Procedure 

Material 

The material used i n  t h i s  study consisted of th ree  Ti-6W-4V ELI grade 

forgings each measuring 40 inches long, 6 inches wide, and 0.75 inches 
thick. 

MIL-H-81200. 
requirements of MIL-T-g047D, Type 111, Composition B, Table 1. 

structure  of the forgings was found t o  be typ ica l  of forged Ti-6A1-4V i n  
the (STA) condi t im,  Figure 1. 

Each forging was solution treated and w e d  per specif icat ion 
The vendor report showed that the material conformed t o  the 

The micro- 

O.2 - H - N 
I_ 

V - A 1  
_c 

Fa - C - 
.025 005 6 .o 3.9 .012 e005 .ll 

Yield U l t i m a t e  % Red. 
.2$ Off. KSI KSI 5 Elong. of Area 

141.4 158.2 11 31.7 

Table 1 

VENDOR TEST RESULTS. 

Sample Preparation 

Milling the 0.75 inch thick forgings t o  the  required sample thickness of 
0.033 inches involved two separate processes. 

ca l ly  milled t o  a thickness of approximately 0.050 inches. The chemical 
mill ing solution, consisting of 79.06% E20, 11.92% H N 0 3 ,  5.09% HF, 3.77% Butyl 

Cellosolve and 0.16% Propaste No. 6708, was maintained a t  85 5 5 O F .  

mize hydrogen absorption, the temperature and chemical composition of the  

chemical mill ing solution was carefully controlled,  
content of 80 ppm was found i n  the  chemicelly milled forgings 88 compared 
to  50 pm i n  the as received material. 

The fo rg i r i s  were f i r s t  chemi- 

To mini- 

An average hydrogen 
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The chemical m i l l i n g  resulted i n  the  forgings being re la t ive ly  flat i n  the 

longitudinal direction but concave i n  the  transverse direction. To obtain 
para l le l  sdrfaces, f u r t h t r  reduction of the forgings was accomplishe2 by 

surface grinding. 
surface grinding by using an epoxy re s in .  
bonded t o  a 0.500 inch thick p la te  of 6061 sluminma. 

wa8 Epon 934 since t h i s  par t icular  res in  is susceptible t o  thermal shock. 
6061 aluminm was wed for the backing p l a t e  material because i t s  coefficient 

of' expansion is approximately two and one half  times that  fo r  Ti-6A1-4V. 
These &.aracteristics of the bonding materials were essehtial f o r  easy removal 
of t h e  forgings from the backing plates  following surface grinding. 

A method was devised for holding the material  during 

Each forging was g r i t  blasted and 
The epoxy r e s in  selected 

A unifonn distr!.tution of epoxy resin was obtdned  between the  forgings and 
the backing plates by bonding the materials between two aluminum pressure 
plates.  
and the  pressure plates  t o  produce an even d is t r iou t ion  of force. 
rials vere then bonded under s l igh t  pressure at 1 6 0 ~ ~  for 2 hours. 
s t ructure  was suf f ic ien t ly  r i g i d  t o  permit surface grinding t o  a tolerance of 
- + 0.001 inches. 
merged i n  l i q d d  nitrogen. 
d i f fe ren t ia l  thennal expansion resulted In  relesing the forgings from the  

aluminum backing plates.  It was found that because of the irregular plane 
surfaces of the forgings, it vas necessary t o  grind on a l te rna te  surfaces 
several times t o  obtain parallelism. 
ings vere surface ground t o  a thickness of 0.033 50.002 inches. 

Several sheets of s i l icone rubber were placed between t h e  forgings 

The mate- 

The bonded 

Following surface griL.ling, t he  bonded s t ructures  vere sub- 

The thermal shock combined wi th  the stress due t o  

Using t h i s  technique, all of the  forg- 

The Ti-6Al-4V forgings were sheared lengthwise in preparation for  w e l c l i r q .  

Edge i r r egu la r i t i e s  were rcmoved by machining. The forgings were then welded 

back together using the  Gas-Tungsten-kc (GTA) process in accordance With 

Douglas Process Standard 14121. 

no fi l ler .  
porosity va8 found in t h e  start and stop areas, but only four isolated pores 

vere found in the  remainder of the  welds. All weld6 vere crack free. 

The welds were of t h e  straight bu t t  type with 

Each weld was radiographed end dye penetrant inspected. %nor 
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The welded forgings were sheared i n t o  smpla  blanks measuring 4-1/2 Inches 

by 1-1/2 icches. 
by radiography were avoided i n  t1.s ahearing of the blanks. 

were streas-relieved and aged by heat treating at lOOO'F fo r  2 hours i n  an 
argon atmosphere. 
between 1/4 inch thick s ta in less  steel plates  during the heat treatment. 

sample blanks were then machined t o  the  f i n a l  sample configuration shown i n  

Figure 2. 

Areas i n  the weldments which contained porosity as indicated 

The sample blanks 

Flat  specimens were obtained by clamping the  sample blanks 

The 

Visual examination of the welds in the t ens i l e  samples showed t h a t  a s l i g h t  

unount of undercut w a s  present i n  the  are% adjacent t o  the  heat affected 

zone. 
deep, complete wide reuovul i n  t h i s  area during subsequent sample prepars- 
t i on  would be d i f f i cu l t .  
ground flat using the following procedure. 
mounted on a f la t  p la te  using double back tape and hand ground using succes- 
sively 80, 240, and 320 g r i t  wet * a e r y  paper. 
thickness of the samples by approximately 0.003 inches thus making the over-all 
thickness approximately 0.030 inches. Following surface grinding, the  reduced 

sections of the samples were coated with red layout dye. 

Although t h i s  undercut w a s  estimated t o  be only 0.001 t o  0.002 inches 

Therefore, the  surfaces of the  t e n s i l e  samples were 
The machined t e n s i l e  samples were 

This treatment reduced the 

Equipmen! 

The tens i le  samples were prepared fo r  tes t ing  i n  an Eringard D r y  Box., Figure 3. 

The purif icat ion system connected t o  the  dry box was capable of maintaining the 
oxygen and moisture leve ls  i n  the  dry box below 1 p p .  

an oxygen analyzer were connected t o  the  system t o  provide a record of the 

moisture and oxygen leve ls  of the argon gas during sample preparation. 

A moisture monitor and 

The t ens i l e  sample test  chamkc?: is shown i n  Figwe 4. 
u t i l i ze s  a s ta in less  s teel  shell, high vacuum flanges and a s t a i n l e s s  steel 

bellows. 
provide a leak t i g h t  system. 

The test chamber 

Copper caskets were used with the ultra high vacuum flanges t o  

t 

' !  

, 
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NO UNDERCUTTING ALLOIVED 
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LINE OF REDUCED 
SECTION 20.004 

FIGURE 2. TEXSIILE SPECIMTN. 
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T e s t  Procedure 
, 

The tes t  samples, t es t  c h a b e r s ,  and 320 g r i t  eniery paper were placed in t he  
Eringard D r y  Box i n  preparstion fo r  the oxide removal treatment. The equip- 
ment and samples were permitted t o  out-gas until the  monitoring equipment 
shoved tha t  the dry box atmosphere contained less than 2 p p  of oxygen en0 

less than 1 p p  of moisture. 
vas permitted t o  occur overnight, oxygen leve ls  of approximately 1 ppm and 
moisture contents of approximately 0.6 ppn were obtained f o r  most of t he  tes t  

specimens. 

Since the  out-gmsing f o r  most of the  samples 

The oxide remaval treatment consisted of abrading the  reduced section of the 

t ens i l e  samples u n t i l  the  red layout dye vas completely removed. 
after abrading, one inch gage marks were scribed i n t o  the  surface of t h e  reduced 

section of each sample. 
chambers which were sealed and removed from the  Eringaxd Dry Box. 

Immediately 

The samples were then insel ted i n t o  the  hydrogen test 

The sealed tes t  chamber with the  sample i n  the  argcn atmosphere was i n s t a l l ed  
on the t ens i l e  machine and connected t o  the  purge-and-fill system. The con- 
necting l i nes  between the  hydrogen tank and the  sample chamber were purged 
three times by evacuating the system t o  10-1 t o r r  and back f i l l i n g  with u l t r a  
high puri ty  hydrogen gas t ha t  contained less than 1 ppa of oxygeii and moisture. 
After the  t h i rd  back f i l l  wi th  hydrogen gas, t he  valve t o  the sample chamber 
w a s  opened and the chamber w a s  purged three t i m e s  using the sane procedure. 
For the  control samples, helium gas w a s  subst i tuted fo r  hydrogen gas. 

The samples were tested i n  an Instron tensi le  machine at a constant deflection 

rate of 0.002 in./min. 
t rave l ,  a standard mcde of operation fo r  t he  Instron. 

exposure t o  hydrogen gas under stress were t e n s i l e  loaded after the  chamber 
was f i l l e d  with hydrogen t o  75% of the  y i e ld  strength and held fo r  24 hours. 

Before tes t ing  t o  f a i lu re ,  the  samples were unloaded so t h a t  a fill load- 
deflection curve could be obtai?ed. 
placed i n  l iquid nitrogen for  storage. This cold storage minimized possible 
hydrogen diffusion and resulting changes i n  the  microstructu-e near t he  sur- 
faces of the samples. 

S t r a in  measurements were made by using the  cross-head 

The samples t h a t  required 

A l l  of t h e  samples tes ted  i n  hydrogen were 



Po8 t-tes t Examination 

Metallographic specimens were prepared through the fracture  smfaces of samples 
that were tes ted  i n  helium and i n  hxcirogen gas. 

-- 

The Practure surfaces of one sample representing each t e s t  condition vere 
examined by using electron fractography, 

replication techniques were used. 

Conventional two stage plastie-carbon 

iiyyiirogen gas w.t&yses were made on samples representing each test condition 
by using vacuum-hot-extraction methods. 

Results and Discussion 

T e n s i l e  Tests 

The t e n s i l e  properties of welded Ti-6Al-4V ELI forged material t e s t ed  a?. 

ambient temperature i n  helium and hydrogen gas are presented i n  Table 2, 

The data shows that the  t ens i l e  properties of the  material were not s ign i f i -  
cantly affected by hydrogen environments of 14.7 and 50 psi  absolute pressure. 
Similar results were found fo r  t he  sanples t h a t  were exposed t o  hydrogen ga3 

for 2k hours under a sustained load prior t o  t ens i l e  tes t ing.  
however, a s l i g h t  decrease (approximately 2%) i n  t he  average ultimate strength 

for those samples tested i n  hydrogen ges. 

There was, 

The results of the  t ens i l e  tests evaluating the  e f fec ts  of pre-strain and i ron  
abrasion on hydrogen absorption and subsequent t ens i l e  properties are given i n  

Table 3. 
abraded with i ron,  sample 3-8, and the samples tes ted  i n  helium gas. 
indicates that  abrading the material with iron results i n  a lowering of the  
tensile properties (approximately 3%) when tes ted  i n  hydrogen gas. 
decrease i n  t ens i l e  properties w a s  found fo r  sample 3-9 which was exposed t o  
hydrogen gas f o r  332 hocrs, 
exposure, sample 3-7, a l s o  appears t o  lower the mechanical properties of the  

material. 

A comparison can be made between the  t ens i l e  properties of t h e  sample 
The data 

A s i m i l a r  

Prestraining t h e  material pr ior  t o  hydrogen 
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Met alloRraphE 

The t ens i l e  samples were found t o  consistently f a i l  i n  the base material  
away from the weld8 , Figure 5 .  
erable p l a s t i c  deformation, the weld areas showed evidence o'i only a small 

amount of p l a s t i c  s t r a in .  

Although the base material  exhibited consid- 

The fractured tens i le  swp les  bhown i n  Figure 5 were examined for  evidence 

of a hydrogen-titanium reaction by using both opt ica l  and electron microscopy 
methods. Microscopic examination of the  plane surfaces of the samples t e s t ed  

i n  hydrogen and helium gas showed indications of surface cracks i n  the base 

material and not i n  the welds, Figure 6 .  However, by using electron micro- 

scopy, it was found tha t  the surface markings i n  Figure 6 were local ized areas 
of high p l a s t i c  s t r a i n  and not surface cracks, Figure 7. 

Metallographic specimens were prepared through the  f rac ture  surfaces of selected 
samples tes ted  i n  hydrogen gas. 
indications of a hydrogen-titanium reaction adjacent t o  the  surface t h a t  was 

abraded and exposed t o  hydrogen gas, Figure 8. 

Examination of these specimens revealed no 

Fract our aphx 

Electron fractographs were made on the broken t ens i l e  samples t o  es tab l i sh  
the fracture mode. One specimen representing each test  condition i n  Table 2 

w a s  examined. The f'racture surfaces were examined i n  an area d i rec t ly  adja- 
cent t o  the sample's surface since t h a t  vould be the  most l i k e l y  area t o  show 

embrittlement. 
rupture thus  indicating a duc t i le  f a i lu re ,  Figure 9. 

All of the samples showed that failure occurred by dimple 

Gas Analysis 

Hydrogen gas analysis were made on samples representing each test  condition 
shown i n  Table 2 by using hot extraction techniques, Since absorbed hydrogen 
would be concentrated at the t ens i l e  sample's surface, it was  concluded t h a t  

gas analysis of the  bulk t ens i l e  samples would not y ie ld  def in i t ive  results. 
Therefore, f i l i ngs  were removed from both the base material and the weld area 
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and analyzed f o r  hyiirogen. 

Table 4. 

t ial  emcunt of hydrogen as P result of t e s t ing  i n  a hydrogen atmosphere. 

The results of t he  hydrogen analysis are given in 
The L t a  shovs that  the t ens i l e  samples did not absorb k substan- 

Test Conditions ZIytArogen PFU 
Exposure 

Absolut o Tjme 
Smple  No. G a s  Pressure PSI Hours Base Metd Weld Area 

5- 3 H e  14.7 0 236 24 3 
14.7 0 211 221 

5c 0 236 192 
14.7 24' 222 2 30 

50 24* 224 217 

H2 

5- 4 H2 

H2 
H2 

5-- 6 

5-13 
5- 16 

STD 215 ppm NBS standard 2 37 
*Sustained Load, 75% of t h e  y ie ld  strength 

Table 4 

HYDROGEN ANALYSIS OF FRACTURED TENSILE SAMPLES. 

The val id i ty  of using filings vas Jeternined by ?%paring a specimen From pure 

titanium contaiuing 215 p p  of hydrogen as ce r t i f i ed  by t h e  Nat onal Bureau of 

Sta;idsrds. 

t iona l  specimens were tes ted  an6 It w a s  estimated that the  accuracy i n  u s i q  
f i l i ngs  w a s  approximately f 15%. 

It was found that  t he  filings contained 237 p p  of hydrogen. Addi- 

The average hydrogen content of the chemically niilled forgings w a s  previously 

shovn t r \  be 80 p p ,  how ve r ,  Table 4 indicates %hat the material contained 8 

higher concentration of hydrogen. 

locations i n  the forgings where the hydrogen aualyses were made. 
analysis samples tsken after the ckemical mill ing operation were remcved from 
the edges of the  forgings while the samples shown i n  Table 4 were removed 
from the center sections. 
longi tudind  center sections of the forgings resul ted i n  a f a s t e r  erosion 

This difference may be associated with the  
The gas 

During chemical mil l ing,  local ized heating i n  the  
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rate in these 6rem as compared t o  the longitudindl edges. 

heating could heve resulted i n  an increase i n  the hydrogen content i n  the 

center sections as compared to the edges of the forgings. 

Thir localized 

Conclusions 

The date taSulated i n  Tables 2 and 3 shov that there vas no gross change in 
the tensile $roperties of forged and welded, oxide free Ti&& ELI a8 a 
result of testiw in hydrogen gas. 

coaclusive evidence of a hydrogen-titenim reaction, There vas, however, a 
sl ight  decrease (approximately 1 to 3%) in the tenrile properties for those 

samples tested in h,ydrogen gas regardless of the additional ttstiug paruneters. 

The post test analyeit, a h o ,  did nat show 
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TASK 111 -- FATIGUZ TESTS 

Experimental Procedure 

Sample Preparation 

- 

The fatigue t e s t  samples were prepared by using the  same material  and damplc 
configuration used i n  the t e n s i l e  t e s t  program. 

t r o l l e d  atmosphere, each stunple V&J fatigue cracked in air. A 0.005 inch by 
0.025 inch s l o t  vas machined through each sample i n  the  area t o  be tested by 

using t h e  e l e c t r i c a l  discharge machiniilg method. 
zhe Slot6 were placzd 0.300 inches above t h e  center of the welds on the longi- 

tudinal center l i n e  of the samples. 
positioned i n  the  center of the welds. 
using tension-tension loading u n t i l  a 0.050 inch long crack formed through the 

s lo t s .  
point fo r  tlne crack propagation tests. 

Prior  t o  tes t ing  in a con- 

To test the (STA) material, 

I n  the weld samples, the  s l o t s  were 
"he samples were then fatigued i n  air 

The primary purpose of the precrack was  t o  produce a consistent s t a r t i n g  

The growth of the precracks thraugh the machined s l o t s  was found t o  be incon- 
s i s t en t ,  par t icu lar ly  i n  the veld material. 

on opposite s ides  of each sample differed i n  stme instances by apiroximately 
0.015 inches. This condition was corrected by flexure fatiguing the  discrepant 
snmples i n  such a way as t o  promote crack growth only on t he  side of t he  sample 

that conixined the  shor t  czack. 
through the thickaiess of the  ssmples; however, the t o t a l  crack length often 
exceeded the desired t o t a l  length of 0.050 inches. 
i n  all of the  samples ranged in t o t a l  length between 0.049 inches and 

0.067 inches.  

Crack length measurements made 

This procedure resul ted i n  uniform cracks 

Therefore, the precracks 

An accurate determination of the :ize and shape of t he  precrack can only be 
made by v iewing  the samples' f racture  surfaces after failure. The precrack 
areas,  however, could not be eas i ly  distinguished after the samples failed. 

To promote v i s u a l  ident i f ica t ion  of the precrsck areas, the precrack fracture  
surfaces were heat-t inted using the following procedure. Following precracking 

and pr ior  t o  controlled atmosphere fatigue testing, the samples were heat 
treated at 6 0 0 ~ ~  for 10 minutes i n  air. 
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Evaluation of Crack Lenuth Measuring Technique 

The determination of c.rack growth rates under fatigue loading requires mea- 

suring the crack lengths as a function of the applied cycles. 
methods have been used for  measuring the change i n  crack length including 

microscopic examination, t he  wz of crack propagation gages, surface staia- 
ing ,  and e l e c t r i c a l  po ten t ia l  measuremeate. 
def in i te  l imitat ions ?n accuracy and ease of employment,. The e l e c t r i c a l  
potent ia l  method i s  the most ve r sa t i l e  of those c i t ed  and it is  the par- 

t i c u l a r  method which is most compatible v i th  the  present test  conditions. 
The advantage of using t h i s  technique is that the change i n  crack length 
can be monitored whi: 
t r o l l e d  atmos+..oie s.- & cmstant  temperature. 

Numerous 

A l l  of these methods have 

she sample i s  enclosed i n  a container having a con- 

The e l e c t r i c a l  po ten t ia l  method for measuring crack growth has been used by 
several  investigators.  (46’47’48) This technique consis ts  of passing a con- 

s tan t  current through a precracked specimen and measuring the  change i n  elec- 
t r i c a l  po ten t ia l  across the crack interface as the  crack extends, Figure 10. 

Under suitable conditions, an incremental change of 0.002 inches i n  crack 
length can be detected. (49) However, it has been found by most investigators 
that re la t ive ly  large samples (approximately 3 inches wide) and high sample 
currents (approximately 20 amps) were necessary t o  obtain the  desired accuracy. 
Since the existing samples machined from the Ti-6Al-4V forgings contained a 

re la t ive ly  small reduced section (0.032 inches by 0.500 inches),  an evalua- 
t ion of t he  e l e c t r i c d .  po ten t ia l  method w a s  necessary t o  determine i f  t h i s  

technique could be used. 

It was shown by Johnson (49) that  fo r  a razor-thin crack of length (2a), the  
poten t ia l  difference (V) between two points at a distance (y )  above and 
below the  crack is  a function of the half-crack length (a )  and specimen 
width ( w ) ,  Figure 10. 

1 -1 COsh ~ Y / W  
Gosh (cos na/w 
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To eliminate the proportionali ty Constant, it is convenient t o  coneider t h e  

potent ia l  r a t i o  V/Vo vhere Vo is t h e  pOtt2ntidl am088 the init ial  crack. 

cosh-l cash 
cos raht 

cos ma w 

( V 

’0 cosh-’ 
- *  

0 

The above equation was pragrammed i n t o  a computer t o  obtain cal ibrat ion 
curves. 
(2a) of 0.050 Inches, the potent ia l  lead distance (y)  wa8 varied. 
puter calculated curves presented i n  Figure 11 shw the ef fec t  of changing 

the poten t ia l  lead distance (y). 
s ens i t i v i ty  is achieved by using a (2a)  value of 0.100 inches. 
deviation of 0.010 inches in locating the  poten t ia l  lea& on the sample w i l l  
result i n  a s ignif icant  shift in the c e i b r a t i o n  curve, the distance between 
the poten t i s l  leads must be accurately measured. 

U8ing a sauplevidth (w) of 0.500 inches md an i n i t i a l  crack site 
The can- 

An optimum balance between accuracy and 
Since a 

Calibration aemples were t e s t ed  using the t e s t  setup 8 h m  i n  Figure 10. The 
potent ia l  leads were spot-velded an t o  tbe sample and the distances between 

the leads were accurately measured by using a microscope and micrometer stage. 
During the fatigue test, a constant D.C. current was passed through the 

sample. 

monitored by using a mi l l ivo l t  recorder. 
of 500 cycles/min. under tension-tension loading using an upper s t r e s s  of 

30 KSI and a lower stress of 3 KSI. 

actual  crack lengths vere measured by using a cal ibrated microscope. 

The change in e l e c t r i c a l  po ten t ia l  across the crack in te r face  was 

The samples were fatigued at a r a t e  

Cycling was stopped per iodical ly  end the  

Ti- results of the  cal ibrat ion samples are shown in Figures 12  through 1 4 .  
The experimental data points i n  Figures 12 and 13 were obtained by using 
Ti-6Al-4V (STA) sheet material ,  a sample current of one amp, and a distance 
between potent ia l  leads of 0.100 inches. 
l ished by using the cmguter program and the necessary measurements of the  

test samples. 
theoret ical  curve predicted the actual  crack length t o  an accuracy of 

The theore t ica l  curves were estab- 

A t  ambient temperature, Figure 13, it w e s  found tha t  the 
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FIGURE 11. COMPUTER CALCULATED CURVES SHOWING THE EFFECT OF CHANGING 
THE DISTANCE (2Y) BETWEEN THE POTENTIAL LEADS ON THE SAMPLE. 
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FIGURE 13. COMPARISON OF THE  COMPUTE;^ CALCCTLATED CURVE WITH THE EXPERIMENTAL 
DATA OBTAINED FOR Ti -6A1-4V I N  THE (STA) CONDITION AT -200'F. 
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- + 0.002 inchea throughout the crack growth range. 
actual crack lengths were appreximately 0.010 inches la rger  than tha t  pre- 

dicted by the theore t ica l  curve, Figure 13. 

However, at -200'F t he  

The data i n  Figure 1 4  w a s  obtained fo r  a weld sample using a ample  current of 
0.5 amps and a distance between poten t ia l  leads of 0.200 inches. 
these t e s t  conditions reeulted i n  lower sens i t iv i ty  and accuracy, good agree- 
ment waa found between the theore t ica l  curve and the experimental data. 

Although 

It can be concluded from the above data tha t  the a m l y t i c a l  solution derived 
f o r  a razor-thin crack agrees w i t h  the experimental crcck growth curves for 
Ti-6Al-bV sheet samples throughout the crack growth range. 
accuracy of t h i s  method a.f analysis is not s ignif icant ly  affected by dif- 

ferences i n  the samples' microstructure (veld and (STA) material) or tempera- 

I n  adciition, the 

turC (70 t o  -200'F) . 
Equipment 

The test chambers used i n  the  t ens i l e  t e s t  program were modified f o r  me with 
the fatigue test samples, Figure 15. 
i n t o  the  side of the chambers fo r  i n s t a - l a t ion  of the  potent ia l  leads. 
was a lso  necessary t o  e l ec t r i ca l ly  insulate  one end of the  sample chambers. 
T h i s  was accomplished by using viton gaskets, vacuum flange hold-down rings 
made of plexiglass,  and em i n s u l a t i ~ g  block i n  the external  load t r a in .  

Vacuum t i g h t  feed-throughs were welded 

It 

Evaluation of Test Conditions 

Preliminary tests were conducted on ~ i - 6 U - 4 ~  sheet specimens i n  the  (STA) 

condition t o  determine the e f fec t  of hydrogen presswe (14.7 p s i  and 50 p s i  

absolute) on the  crack growth ra te .  
i n t e re s t  and limited forging s a q l e s  were available for  tes t ing ,  it was 

desired t o  use a hydrogen pressure tha t  would yield the most useful 

information. 
have the greatest  tendency t o  promote a hydrogen-titaniua reaction. 

i f  the e f fec t  of the higher hydrogen pressure on the crack growth rate is 
negligible,  t es t ing  of the  samples woirld be simplified by using the lower 

hydrogen pressure of 14.7 psi. 

Sinct) both hydrogen pressures were of 

It would be expected tha t  the  higher hydrogen pressure would 
Howeve'*, 
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Three prerracked emples  of t h e  Ti-6Al-kV sk et materiel were futigue tested 
at ambjent temperature using a maximum stress of 30 KSI, a minimum vtrese of 
3 S I  and 8 cycle sate of 5C The sarnples were t e s t ed  in atmos- 

pherea of 14.7 psi  of he- 

The results these tests CI e given in Figure 1 - The curves ahow khat 

kyck0ge.i -as at snbient 1:essure does increase the eraL& propagation rate i n  

Ti-6Al ',V (STA); however, at a hydrogen pressure of 50 psi  an even greater  
increase in the crack grovtn rate results. 

Ti-bAl-bV forging sssples were t e s t ed  at hydrogen pressures of 50 psi 
( absoh te  1. 

cyclas/min. 

'4.7 psi of hydrogen and 50 p s S  -3f hydrogen gas. 

As a result of theee tests, the 

T e s t  Pro ce d w e  

The fol?.oUing test  procedure was sstublished fo r  testing the precracked 
Ti-6Al-4V ELI forging semples. 
cia the sample at a distanc: of 0.050 inches above and below the crack. 
distsnce between the poten t ia l  leads was measured using a mfcrosc3pe aad 

microueter stage. 

vas i n s t a l l ed  in t bo  fa t igue machine. 
a t ing the system t o  10-I t o r r  axid bad: f i l l ing w i t h  the deshed gas n ninimum 
of 10 times. The test chamber VY .\en f i l l &  witk the desired gas at 50 psi 
absolute pressure and cooled t o  thz zest temperature. The sample vas fatigue 

tested using an upper stress of 30 KSI, a lwer s t r e s s  of 3 KSI and n cycle 
rake of 500 cycla/min. 
change in potent ia l  across the crack interface 8s a function o f t h c  applied 

cycles. 
ana the sample placed i n  l iqu id  nitrogen f o r  storage. 

siat. ,  ample  width, aud potent ia l  lea? distance,  a V/Vo vs a/ad cal ibrat ion 
curve w a s  camputed for the  sample. The actual  crack iengtl rs a fbct ion of 
the epplied cycles vas detennined ilsing the  cal ibrat ion c-urve end the poten- 
ti0-l  measurements obtained during t e o t i r g .  

E lec t r ica l  po ten t ie l  leads were spat welded 
The 

After sealing the samp2e i n  the test chauioer, the chamber 
The sample charher vas purged by evacu- 

I 

N i ? g  t e s t ing ,  a continuous record was made of the 

hmediat-ly after failure, the size of the ?recrack  as measured 
Using the precrack 

I 

. 

t 

3 ,  



. -  
e 

I - -  - i---- 

i I .  
! . '  

i I - - - ' -  -:I 
! 

' f  ~. 
. . 

S3H3N 

39 



Ekperiaental Results 

Fatigue Teste 

The fatigue crack propagation t e a t s  were conducted on forged Ti-6Al-bV ELI 
(Sa) and weld material  under the environmental conditions shown i n  Table 5. 
Atabulat ion of the fatigue crack propagatiar data fo r  the samples shown in 
Table 5 is given in Appendix A. 

fatigue cycles tha t  did not contribute t o  crack growth by making (0) cycles 

coincide with the onset of crack growth. The number of cycles x q u i r e d  t o  

start the cracks groviag ranged from 1,000 t o  6,000 cycles. 

The data was adjusted t o  eliminate the i n i t i a l  

The fatigue crack propagation data in Appendix A was analyzed using the follow- 
lag procedure. 
t ion  of the applied rycles for  each sample in Appendix A. 

growth r a t e s  (da/dn) w e r e  de ten ined  by measuring the  slopes of the curves 

at selected crack lengthfi. 
equation, the s t r e s s  in tens i ty  range (AIL) at the  t i p  of the crack was c ~ l c u -  

lated fo r  each crack grovth rate. 

Accurate curves were made of the half crack lengths a8 a iunc- 
The actual crack 

Using the  h.\lf crack length and the following 

(50) 

where 
AU = range of gross section stress 

c = r=(w/ra tan r a / w )  = ha l f  crack'length i n  an i n f i n i t e  sheet (4) 
a = actual  half  crack length 

w = sample vidth 

The equivalent crack grovth ra tes  for  (IZI i n f i n i t e l y  wide sheet (de/&) vere 

determined by using the actual  crack growth rates (da/dn) and the following 

relat ionship obtained by d i f fe ren t ia t ing  Equation (4) . (51)  

dc 2 ta 
dn v 
- = -- 

In Akpeadix B, the s c t m l  end equivalent crack growth r a t e s  are tabulated for 
V~U~CIS crack t i p  stre80 in tens i ty  ranges. 

. 



TPIPERATURE TEST CONDITIONS 
SAMPLE NO. O F  ATMOSPHERE MATERIAL 
1-9 
1-4 
1-5 
1-6 

2-7 
2-2 
2-10 
2-5 

4-6 
4-9 
4-7 
1-11 

2-1 3 
4-2 
2-12 
3-13 

4-8 
1-7 
1-1 
1-10 

3-10 
2-8 
2-11 
1-12 

1-2 
4-4 
1-12 
4-11 

2-6 
3-12 
4-10 
4-3 

Ambient 
Ambi ent 
Ambient 
Ambient 

Anbient 
Ambient 
Ambi ent 
Ambient 

0 
0 
0 
0 

0 
0 
0 
0 

-100 
-100 
-100 
-100 

-100 
-100 
-100 
-100 

-200 
-200 
-200 
-200 

-200 
-200 
-200 
-200 

€I STA 
He STA 

STA 
STA 

Weld 
qeld 
Weld 
Weld 

STA 
STA 
STA 2 STA 

H we 16 
He Weld 

Weld 
Weld 

HX 
H2 

He 
*e 
H2 
H2 

H He 

n; 
H2 

He STA 

n STA 
He STA 

8 STA 

H We1 d 
He Weld 
He Weld 
8 Weld 

*e 
He 
H2 
H2 

2 

2 
STA 
STA 
STA 
STA 

H Weld 
ne Weld 

Weld 
Weld HA 

% 

Table 5 

TABULATION OF TEST CONDITIONS WR TElE CRACK 
PROPAGATIGN TEST SAMPLES, 



The equiwient  crack growth ra tes  are shown i n  Figures 17 through 24 as a 
function of t h e  s t r e s s  intensi ty  range for  the (STA) and weld material 
tested i n  both hydrogen aid helium gas. 

rate i n  helium gas could be expressed by the following empirical 
relationship.  

It WEUS found tha t  the crack growth 

(52) 

The value of the exponent (N) was approximately (4) fo r  dl of the  helium gas 

samples. 
power function between (dc/dn) 

The samples tested i n  hydrogen gas, however, did not show a simple 
and (AK). 

H2 

The fatigue crack grovlh rate curves c lear ly  show that  hydrogen gas increases 
the crack growth rate i n  Ti-6Al-hV ELI (STA) and veld mat5rial i n  the  tempera- 

tu re  range of ambient t o  -10O0F. 
magnitude of the  increase i n  crack growth rate is  dependent on the micro- 

s t ructure  , stress in tens i ty  range, and temperature. These parameters and 
their e f fec ts  on the  crack growth rate i n  hydr?;qen gas are examined i n  the 

following discussion. 

In  addition, t he  curves Jsdicate that the 

The degree of crack growth enhancement caused by hydrogen gas was detemined 
at various crack t i p  stress in tens i ty  ranges by dividing the crack growth rate 
i n  hydrogen by that  obtained in helirrm, Table 6. 
i n  Figures 25A a d  25B. 
each temperature for  both materials changes s ignif icant ly  with (AK). 
temperature the crack growth rate r a t io s  f o r  both the (STA) and weld material 
increase wi th  increasing (AK) t o  maximum values of 2.5 and 3.5 respectively. 

A s  (AK) continues t o  increase,  the (STA) material remains at a constant crack 
growth r a t e  r a t i o  of 2.5 but the  weld material r a t i o  decreases rapidly t o  1.2. 
These curves indicate that at ambient temperature and low crack t i p  stress 
intepsi ty  ranges, the weld material is more susceptible t o  hydrogen enhanced 
crack growth than the  (STA) material. 
the (STA) material is  more susceptible t o  embrittlement. 
temperatures, both materials show a decreasing degree of embrittlement, Tartic- 

ular ly  at the high crnck t i 2  stress in tens i ty  ranges. 

This  data i s  shown graphically 
The curves show tha t  the  degree of embrittlement at 

A t  ambient 

However, at high strees in tens i ty  ranges, 
A t  decreasing test 
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dn Hp /(*I dn He (STA) Matelrial (%)H2/($)Ee Weld EBaterial 

75 0 -100 -200 75 0 -100 -200 

8.34 
8.69 
9.03 
9.35 
9-67 
9.99 

10 -29 
10 040 
10.88 
11.46 
12.01 

12.56 
13.10 

13.63 
14.16 
14.68 
15.21 
15 0.73 
16.27 
16.81 
17 e 36 
17-93 
18.50 
19 .09 

1.03 
1.01 
1.05 
1 .lo 
1.33 
1.52 
1.78 
2.00 

2.14 
2.40 
2.53 
2.44 
2.44 
2.52 
2.48 
2.L2 

2.45 
2.56 

2.60 
2.68 

2-55 

2.56 
2.43 
2.40 

1.05 
1.14 
1.39 
1.70 
1.78 
1.99 
2.43 
2.73 
2.55 
2.52 
2.40 
2.38 
2.19 
2.09 
1.94 
1 e75 
1.76 

1 3 6  
1.64 

1.58 
1.50 
1.40 

1933 
1.28 

- 
- 

2.40 

1.78 

1.69 

- 
- 
- 

1.72 
1.60 
1.42 

1.32 
1.35 
1.31 

1.39 
1.38 
1.35 
1.29 
1.30 
1.30 
1.31 

1.33 
1.36 
1.35 

- 
9 

- 
9 

. 76 
0 

78 

76 
. 82 
.80 
85 
87 

091 
92 
94 

.95 

.98 
1.04 
1.04 
1 .OY 
1-06 
1.06 

- 

1.05 

- 
- 

2.84 

3.18 
a 

3.62 

3.b  
3.19 
2.84 

0 

2.62 

2.39 
2.36 
2.28 
2.14 - 
1.95 

- 
1.73 

- 
1.45 

-. 

1.21 

2.28 
2.04 

1.91 - 
1.72 

1.69 

1.59 
1.48 
1.41 

- 
- 

1.36 
1.31 
1.25 
1.23 
1.21 

1.22 
1.22 

1.23 
1.22 
1.26 
1-31 
1.39 
L. 34 

Y - 
1.29 - 
1.22 - 
1.18 - 
1.15 
1.07 
1.16 
1.19 
1.16 
1.18 

1.16 
1.16 

1.16 

1.15 

1.17 

1.13 
1.10 

1.12 

1.21 

1.34 

- 
- 
. 97 

.86 

.86 

.94 
1.04 
1.11 
1.12 
1.09 
1.73 
1.02 

1.07 
1.10 

1.12 
1.21 

1.26 
1.29 

9 

- 
1 

1.34 
1.34 
1.49 

Table 6 -- 
CRACK GROWTH RATE RATIOS EY)R Ti-6Al-kV ELI (STA) ANb 

WELD MATERIAL SHOWING THE EFFECT OF 
HYDROGEN ON THE CRACK GROWTH RATE. 
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FIGURE 2 5 ~ .  FATIGUE CRACK GROWTH RATE RATIO CURVES 
FOR Ti -6A1-4V ( S T A )  MATERIAL SHOWING THE 
DEGREE OF CRACK GROWTH ENHANCEMENT CAUSED 
BY HYDROGEN GAS. 
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AK,  k s i  

FIGURE 25B. FATIGUE CRACK GROWTH RATE RATIO CURVES 
FOR Ti-6Al-4V WELD MATERIAL SHOWING THE 
DEGREE OF CRACK GROWTH ENHANCEMENT CAUSED 
BY HYDBOGEN GAS, 
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Metallography 

Visua3 exemirlation of the fractured (STA) samples showed tha t  the f racture  
surfaces were re la t ive ly  f l a t  and contained numerous small, ehiney facets ,  
Figure 26. 
t ion occurring along alpha p l a t e l e t s  within the  material. 
face shown i n  Figure 26 w a s  typ ica l  of a l l  the  (STA) samples tested regardless 
of the test  environment. 

These facets  were probabLy forned 88 a result of crack propaga- 
The fracture  sur- 

The macroscopic appearance of the fracture  surfaces on the weld samples was 
dis t inc t ly  different  than t h a t  found for the (STA) samples. Crack prope at ion 
i n  the large grained weld material apparently occurred along specif ic  crystal-  
lographic planes thus producing a rough, irregular fracture  8xrface, Figure 27. 

Metalhographic specimens were prepared through the  fracturre surfaces of the 

samples fatigue tested at ambient temperature i n  hydrogen gas. 

samples showed indications of hydrogen penetration i n i t i a t i n g  from the fracture  
surface, Figure 28. 
penetration i n  the area fatigued i n  hydrogen gas, Figure 29. 

The (STA) 

The weld samples, however, showed no evidence of hydrogen 

Fract ography 

(STA) Materid 

The fracture  modes were ident i f ied  fo r  each test condition by using electron 
fractography. 
tested i n  helium gas were d i s t inc t ly  different  from those obtained i n  hydrogen 

gas i n  the temperature range of ambient t o  -100'F. 
the  sample tes ted  in helium gas exhibited i r regular  f racture  surfaces con- 
taining w e l l  defined fatigue s t r i a t ions  and r e l a t ive ly  f lat  plateaus, 

Figure 30. 
contdning severe secondary cracking, Figure 31. 
concentrated primarily along fatigue s t r i a t ions .  

It w a s  feu-d Kiat the fracture  surfaces on the  (STA) samples 

A t  ambient temperature, 

The sample tes ted  i n  hydrcgen gas,  however, had fracture  surfaces 
This cracking appeared t o  be 
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The f'racturr rurfaces ob %he (6TA) material tes ted  ai: 8°F i n  helium gas 

showed primarily flat weas with f a in t  fatigue a b r i a t i ~ n e ,  Figure 32, 
sane wew, rharllow craeking was found presumably occurring Xtthim alpha grain 
boundaries, Figure 32B. The ssample tested i n  hydrogen gaa rt O°F had f'rocture 
rurfaces similar t o  the ambient temperature ramplt. Rumeroua cracks within 
the fatigue s t r i a t ions  dominated the  fracture  surfaces, Figure 33. 

I n  

The (6T.A) material  tested at -100'F showed t he  f f r u t  indications of a decreas- 
ing hydrogen-titanium reaction. 
irregular and i n  some areas seem b- fo2low crystallographic featwrees i n  the 
materiel ,  Figure 34. 
i n  numerous areas, 
I s  shown i n  Figure 35. 
eome cracking occurring along crystallographic featuree, Figure 35A. Only 
Isolated areas were found that contained fatigue s t r i a t i o n  cracking, Figure 358. 

In  helium gas, t he  f racture  surfaees were 

Faint discontinuous fatigue strisrtiona were d e o  found 
The fatigue surface of the aample tested i n  hydrogen gas 

In most areas, the fracture  aurt'aecs were rougJh with 

The crack growth r a t e  curves for the (STA) material tested at -200°F ohowed 
no indications of a detrimental hydrogen-titanium reaction 
were found on examining the  fracture surfaces of these ramples, Both test 
environments resulted in irregular fracture  csurfaces having f la t  areas md 

discontinuous fatigue s t r i a t ions ,  Figures 36 and 37. 

Similar results 

Weld Material 

The topography of the fracture erurfaces i n  the  weld material WCIPL strongly 
influenced by the microetructure and crystallographic orientation 124 the 
material, 
helium gas at ambient temperature, 

are shwn i n  Figure 388, 
fa i lure  of the material accurred along alpha p l a t e l e t s  found in the  weld 
microstructure. The sample tes ted i n  hydrogen ga8 at ambient temperature, 
Figure 39, exhibited extensive secondary cracking on the  fracture surface . 
Although the  cracks appeared t o  be associated with fatigue r t r i a t ions ,  areas 
containing random cracking were frequently fouvld. 

This condition is  i l l u s t r a t ed  i n  Figure 38 by the sample tested I n  
Flat  weas containing fatigue s t r i a t ions  

However, i n  an adjacent area on the f racture  surfaceI 

I . 

. 



















factor i n  the crack propagation process. 
in Ti-6Al-kV is  considered t o  be directly related t o  the p las t ic  zone ahead of 
the crack t i p ,  the following process describing crack propagation i n  a duct i le  
material c m  be applied t o  fatigue crack growth i n  T1-6Al-4V. 

If the criteria for crack propagation 

Crack Growth I n  Nonreactive Environments 

The spplicatian of a load t o  a duct i le  material results i u  a stress concentru- 
t ion at  the t i p  of the crack. (5 ' )  This stress concentration produces a plaet ic  
zone having the shape shown in Figure 46. ("j As the  load on the material 
increases, the degree of plas t ic  deformation a t  the t i p  of the crack exceeds 
8 cr i t icad value thua causing the crack t o  propagate. During crack propagation, 
the plast ic  zone ahead of the moving crack also increases i n  s ize .  
propagation stops when the applied load fells below tha t  needed t o  maintain 
the c r i t i c a l  degree of p l m t l c  deformation at the crack t ip .  

occurs during the  low load half of the fatigue cycle. 
through the material occurs by successive repeti t ion of t h i s  process. 

Crack 

This condition 
Crack propagation 

The propagation of a fatigue crack through Ti-6A1-4V results i n  the formation 
of fatigue s t r ia t ions  on the fracture surfaces, Figures 30B and 38A. 
and Smith proposed that the formation of fatigue s t r ia t ions  in an isotropic,  
ducti le material i s  a consequence of successive rounding and sharpening of 
the crack t i p ,  Figure 47. 
absence of fatigue s t r ia t ions  i n  certain grains on t he  fracture surfaces of 
the r i-6fi-4~ fatigue samples. 
of fatiwe s t r ia t ions  i n  t h i s  material m u s t  also depend on t he  crystallo- 
graphic orientation of the s l i p  planes i n  the vicini ty  of the crack t i p .  

I n  an anisotropic material such as Ti-6Al-4V9 the "ear" formations at  the 

cxlack t i p ,  as proposed by Laird and Smfth, may occur only when the  s l i p  planes 
are favorably orientea. 
sidering the plast ic  zone analysis previously discussed, the propagation of 
a fatigue crack through Ti-6Al-4V i n  a nonreactive environment can be described 
by the process shown in Figure 48. 

Laira 

This model, however, d c x  not explain the ( 5 6 )  

It would therefore seem t h a t  t he  formation 

(57958) 

By using the above fatigue s t r ia t ion  model and con- 



Load 

FIGURE 46. SCHEMATIC O F  A CRACK SHOWING THE PLASTIC 
ZONE AT THE CRACK DETERMINED BY 
HAHN AND ROSENFIE 

I 

FIGURE 47. SCHEMATIC SHOWING A FATIGUE CHACK PROPAGATING ($6) 
DURING ONE CYCLE AS PROPOSED BY LAIRD AND SMITH. 
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FIGURE 48. SCHEMATIC OF A CRACK PROPAGATING THROUGH A 
DUCTILE MATERIAL. 
SHAPE OF THE PLASTIC ZONE. 

SHADED AREAS INDICATE THE 
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Crack Growth In Reactive Environments 

m e  first reaction that occurs when a crack propagates in a gaseous environ- 
ment is the adsorption of the gas onto the fracture surfaces. ( 9 )  m i a  
adsorption can result in a lowering of the surface energy thereby decreasing 

and increasing the crack propagation the fracture stress of the m&terial 
rate. Since the adsorption characteristics of hydrogen on Ti-6Al-hV ELI are 
not known, a positive correlation between adsorptiorn and the embrittlement 
found in this study can not be made. 

(14) 

The embrittlement found in this study can, however, be explained using a model 
based 01% hydrogen diffusing ahead of the advancing crack, 
anism of embrittlement iE shown schematically in Figure 49. 
stress half of the fatigue cycle, hydrogen diffuses into the plastic zone 
ahead of the striation notches and main crack front, Figure 49A. 
embrittles the region in front of the main crack and the re-application of 
stress immediately cauoes the crack to propagate at a relatively low stress 
level, Figure 49B. 
main crack front has propagated beyond the embrittled area and is now propa- 
gating in a ductile matrix. Blunting of the crack tip occurs with the crack 
front assuming the shape proposed by Laird and Figure 496. While 
the m i n  crack front is propagatin,, secondary cracking i s  occurring at the 
striation notches produced by the previous fatigue cycle, Figure 496, 
conditions are favorable for crack formation in these areas since the small 
notches act as stress raisers and the areas in front of the notches are 
embrittled with hydrogen as previously noted. Cracking throwh the stria= 
tion notches continues until the secondary cracks reach the ductile matrix 
beyond the embrittled areas. 
sharpening of the crack tip, Figure 49D, accompanied by hydrogen again dif- 
fusing ahead of the crack front, Figure 493. 
propagate through the materibi by repetition of the above process. 

The proposed aech- 
During the low 

This 

After the applied stress reaches a maximum value, the 

!he 

Decreasing the applied stress results in a 

The main crack continues to 

The distance that hydrogen will diffuse ahead of the crack front depends on 
a number of variables. 
rial, the fracture surface hydrogen concentration, the stress and strain 

These variables include the temperature of the mate- 

I 
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FXWRE 49. SCHEMATIC SHOWXNO THE PROPOSED MECHANISM OF EMBRITTXIEMgOT. 
THE SHADED AREAS INDICATE THE DEmH OF HYDROGEN DIFFUSICH. 



diStribUtiOA at the crack tip, and the quantity and distribution of the bets 
phaae i n  the material. 
not be defined at  the present the, severed assumptions must be made to 
estimate the m0bilit.y of hydrogen near the crack tip at ambient temperature. 

Since the ,~aditioas existing at the crack tip can 

The depth of hydrogen abrittlement resulting fror diff’usion occurring during 
a half cycle time period was estimated by using the diffusion equation derived 
for a semi-infinite medi having a constant solute surface concentration. (59)  

Since available diffusivity data of hydrogen in alpha titanium were determined 
at elevatad temperatures,(4) it was necessary to extrapolate the data to 
obtain the diff’usivity at ambient temperature. 
hydrogen waa assumed to remain at a constant value of 2,000 ppni, which is just 
under the concentration that promotes ’lydride precipitation in transformed 
Ti-6u-4~ ‘ 6 0 )  Using an embrittlement hydrogen concentration of 800 ppm (61 1 
and an initial materfd. kvdrogen content of 225 ppm, the depth of embrittlement 
at ambient temperatme was calculated to be .1 x 10 inches. This value com- 
pares favorably with the crack growth rates of .8 to 3 x lod inches/cycle 
found at low stress intensity levels. 
should, however, be considered only as an approximation because of the assump- 
tions that were made. 

The surface concentration of 

-6 

The calculated depth of embrittlement 

The presence of the beta phase and plastic deformation at tho crack tip were 
not considered in calculating the depth of hydrogen embrittlement. 
deformation ahead of the crack can increase the diffusion rate of hydrogen by 
providing high-diffusivity paths in the material. 
diffusion rate would result in a greater depth of embrittlement. 
sion rate of hydrogen in the beta phase is greater than in the alpha phase; 
therefore, the beta phase in Ti-6Al-hV would also increase the depth of hydrogen 
embrittlem2nt. 

The plastic 

This increase in the ( 6 2 )  

The diffu- 
(424 1 

The crack growth rate curves show that at constant temperature, the degree of 
crack growth enhancement resulting from the hydrogen environment generally 
decreases at high values of ( A h )  

the distance that hydrogen diffuses ahead o f  the main crack. 
This effect can be explained by examining 

The distance . 



that hydrogen w i l l  penetrate i n  f'ront of the crack during the  low s t r e s s  half 

of the  fat igue cycle w i l l  remain ne6r.Q conatant at  all. (AK) mlues.  This 
l imit ing distance is a consequence of maintainfag a constant t m p e r a t w e  and 
d i fmsion  t imer .  
i.ncreases w3th increasing (AK) Therefore, if can be reusoned that at  a low 
(AK) value, the  crack propagates only a s h w t  distance and the added distance 
of the  embrittled area considerably changes the t e t d  distance that  the crack 

propagates during that cycle, 
increase in the  crack growth distance resulting from hydrogen diffusion is 
small compared t o  the t o t a l  length tha t  the crack propagates during one fa t igue 
cycle. 
d t h  increasing (AK). 

The distance that the crack propagate8 i n  one cycle, however, 

However, .st high (AK) values, tho incremental 

This condition r e su l t s  i n  a decrease i n  the degree of embrittlement 

The decreasing degree of embrittlement at the lower temperatures gives f'urther 
evidence of a diffusion dependent mechanism, It can be seen i n  Figure 25 that 

as the  temperature decreases, the degree of kydrogen embrittlement also decreases 
p a r t i c u l e l y  at the high (hK) values. 
decreasing hydrogen diffusion depth ahead of the crack f ront  resul t ing from 
the  lower diffusion rate of hydrogen i n  Ti-6Al-hV at the lower temperatures. 

This difference can be a t t r ibu ted  t o  a 

The electron fractographs taken of the surfaces of the react ive samples showed 

that a considerable degree of secondary cracking had occurred. 
appeared t o  be associated primarily with the fat igue s t r i a t ions ,  Figures 31 

and 39. 
is consistent with the proposed mechanism of em'brittlement. 

These cracks 

It can be seen i n  Figure b8 tha t  cracking i n  the fat igue s t r i a t i o n s  

Conclusions 

The t e s t  r e su l t s  shov that  hydrogen gas reacts  with the fracture  surfaces of 
~i-6A1-4v under fat tgue loading i n  t h e  temperature range of ambien*, t o  -100'F. 
This reaction results i n  an increase of the crack propagation r a t e  and a change 
i n  the fracture  mode for  both (STA) and weld material. 

growth enhancement caused by the  hydrogen environment was found t o  be dependebt 

The degree of crack 
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on the stress intensity range, taupePatwe m-1 microetructura of the xtateridL. 
A t  -20Q0P, there was no algnificawt; &fieretaca between the crack growth rates 

obtained i n  helium and hyBsogon gas, The thta is consietent with tu ambrittle- 
ment mechtuPiEim involving hydrogen dif-sion &e& of the crack front, 

1' 
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APPENDIX A 

CRACK PROPAGATION DATA FOR FORGED AND WELDED 
Ti-6A1-4V FLT MATERIAL 
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Crack Len th ( 2 a )  in inches * 

. 
CYCLES 

0 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 

9,000 
10,000 
11,000 
12,000 
13,000 
14,000 
15,000 
16,000 
17,000 
18 ,C30 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 

27,000 

29,000 
29,100 

30,000 

8,000 

26,000 

28,000 

29,500 

,053 ,052 ,052 
,054 ,054 ,053 
,056 ,055 ,054 
.057 ,056 .055 
-058 ,057 ,056 
,059 .058 .OS7 
,060 .061 .059 
.061 ,062 .060 

,063 ,065 ,063 
,066 .067 ,065 
,068 .06g .067 
.o70 *071 ,069 

.076 . oV  .075 

,081 ,oa4 ,082 

.062 ,063 .062 

,072 .074 .071 
.074 .075 ,073 

,078 ,081 .O7$ 

.OS3 .087 ,006 
,085 ,090 .O93 
,088 - ,101 
,091 .ogg ,111 
,094 . lob .122 
.097 ,108 ,137 
.loo ,112 .156 
.lo4 .116 ,176 
.SO8 .121 ,205 
,112 .127 -239 
-117 ,132 .282 
,122 .13a - 

,129 ,144 F 

- - - - - 

,053 

,055 

e057 

.054 

,056 

.058 - 
060 

,062 
,063 
, 065 
,066 
,068 . u70 
.072 
,075 
077 

,081 
,086 
* 091 
097 

.116 
- 

.129 
143 

,157 
,176 
, 198 
.228 

* 

.271 
, 288 - 

31,000 
32,000 
33,000 
34,000 
35,000 
36,000 
37,000 
38,000 
38,200 
39,000 
39,300 
40,000 
41,000 
42,000 
4 3,000 
44,000 
45,000 
46,000 
47,000 

.134 

, 148 
,138 

,163 
155 

171 . 181 

. 194 
- 

,203 
1 . 213 

, 227 . 242 

, a81 . 310 

P 

, 260 

- 

e 150 0 314 
,155 - 
,162 F 

,176 
, 186 

,206 

169 

196 

- - 
,220 
,229 

,264 
,244 

,283 
303 

a 332 
F 

c 

>. , 
1 

CRACK PROPAGATION DATA FOR Ti-6AL-hV ELI 
FVRGED MATERIAL IN THE (BTA) CONDITION 
TESTED AT AMBIENT TEMPERATURE. 
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0 
1,000 
2 ,QOQ 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 

10,000 
11,000 
12,000 
13,000 
14,000 
15,000 
16,000 
17,000 
18,000 
19,000 
20,000 
23. ,000 
22,000 
23,000 
24,000 
25,000 
26,000 
27,000 
28,000 
29 ,OOC 
30,000 
31,000 

,a54 
*os5 
,056 
,057 
0057 
,059 
os0 

.062 
,063 
,065 
, 066 
,068 
0 070 
071 
,073 
0075 
e077 
079 

,081 
,08b 
,081 
089 
091 

,093 
096 

* 099 
,102 
,105 
8 109 
* 112 
.116 
120 

09 

,055 

,053 
8057 
,058 
,060 
0 061 
* 363 
.064 
.065 
'.067 
,068 
069 

,070 
072 

,073 
,075 
.076 
.0?8 
,080 
,082 
,084 
"a6 
,088 
090 

.092 
,094 

,056 

097 
1QO 
,103 
107 

,054 
,055 
,054 
057 

,058 
,059 
, 060 
061 

.062 
,063 

,065 
.067 
068 

*olg 
070 

8 072 
.074 
.076 
078 

.om 
i OSk 
,088 
094 
, 161 
,108 
, 116 
, 124 

, 142 

, 164 

,064 

133 

,153 

,053 
,055 
,056 
*05? 

,059 
,058 

,060 
,062 
,063 
,064 
, 066 
,068 
eo71 
* 075 
* 080 
, 085 
091 

e 099 
, 108 
* 120 
,133 
147 

,162 

197 

,239 
.217 

, 262 
,289 
"31 

F 

8 4 -  - 

Crack hngth  (2a) in inohel 
\ w m  

32,800 
33,000 
34,000 
35,000 
36,000 
37,000 
38,000 
39,000 
Bo ,000 
41,000 
42,000 
43,000 
44 9000 
45,000 
h6,ooo 
47,800 
48,000 
49,000 
50,000 
51,000 
52,000 
53,000 
54,000 
55,080 
56,000 

,126 ,110 ,176 
,131 ,114 ,190 
e136 e 1 1 8  ,202 
e 1 4 Q  a121 ,215 

,154 ol%b ,249 
,148 ,126 2 3 2  

.151 ,135 ,269 

,185 .152 
,194 ,158 F 

,168 ,140 ,294 
,174 ,146 ,325 - 
,203 -165 
.213 ,174 
,224 ,183 
,nrr ,192 

,271 ,212 
,292 ,224 
,322 ,239 

,253 #20:! 

- .256 
A ,276 

297 
31.2 
372 
F 

CRACK PROPAGATION DATA FOR ~ i - 6 a - 4 ~  ELI 
YORGED MATERIAL IN THE (STA) CONDITION 
TESTED A!!' O°FI 



4-8 1-7 1-1 1-10 

0 
1,000 
2,009 
3,000 
4,000 
5,000 
6,000 
7,000 
8.000 
9,000 

10,000 
11,000 
12,000 
13,000 
14,000 
15,000 
16,000 
17,000 
18 ,oco 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 
26,000 
27,000 
28,000 
29,000 
30,000 
31,000 
32,000 
33,000 
34,000 
35,000 
36,000 
37,000 
38,000 
39 $000 
40,000 
41,000 
42,000 
43,000 
114,000 

,068 .o62 
.062 .062 
.062 .oh2 
.063 .063 
A63 .063 
.064 -06'3 
.064 .063 
.064 .064 
,065 .064 
.a65 .064 
.066 .065 
.066 ,065 
.067 .065 
.067 .066 
.068 .OB7 
.068 .068 
.069 .068 
.071 .068 
. o n  ,069 
,072 a070 
a072 -071 
e072 e071 
.073 .072 
.0?4 .073 
,074 .074 

-076 ,075 

.078 .077 

.080 ,079 

e075 e075 

.077 .076 

.oyg .a78 

.081 .08o 

.083 .083 

.084 .084 

.086 .086 

.087 .087 

.088 ,089 

.089 .ogo 

bo82 0082 

-090 ,092 
.Ogl ,094 
-093 *097 
,095 SO99 
.096 ,101 
.098 ,103 

,062 
.063 
,064 
,066 
.06T 
.068 
,070 
092 

* 074 
0075 
077 
078 
.081 
.082 
.085 
.u88 
.09l 
e093 
.096 
a090 
.103 
.156 
.llO 
115 . 1 l Y  

.125 

.129 

e 140 
.i46 
151 

.158 
165 
.172 
3-79 

.188 

.198 
,208 
.219 
.232 . 249 

,290 
.322 

133 

.269 

372 

060 
.062 

.065 

.066 

.068 

.064 

.070 . 071 
e073 
0075 
077 

.078 

.0%1 

.083 

.085 

.088 

.og1 
095 

* 099 
.lo2 
106 

. l l O  

. l l 4  

.118 

.122 . 127 

.132 
137 

.142 

.147 

.15h 

.161 

.169 
177 

.185 
-193 
.203 
,214 
.226 
,280 
,25k 
.27b 
.29h 
322 
F 

Crack LenRth (2a) in inches 

4-8 1-7 1-1 1-10 

lr5,ooo 
46,000 
47,000 
48,000 
49,000 
50 ,Q00 
51,000 
52,000 
53,000 
54,000 
55,000 
56,000 
57,000 
58,000 
59,000 
60,000 
61,090 
62 ,OOG 
63,000 
64,000 
65,000 
66,000 
67,000 
68,000 
69 ,ooe 
70,000 
71,000 
72,000 
73,000 
74,000 
75,000 
76,000 
77,000 
78,000 
;'B ,000 
80,000 
81,000 
62,OOQ 
83,000 
84,000 

.loo 
101 

e103 
e105 
.lo7 
.LO9 . 111 
.112 
.115 
.118 . 121 
.123 
127 
130 

.134 

.138 

.1b2 

.146 

.151 
,156 
0 162 
.167 
1'73 
i78 
.184 
.186 
.194 
.200 
.208 
,216 
.226 

.247 
e237 

a259 
e 

,288 
,303 

.361 
-. 

F 

.105 F 
,107 
,110 
,112 
.115 
.117 
.120 . 124 
.128 
.. 13 
.135 
139 

.143 

.148 

.152 

.157 

.163 

.165 
171 

.176 

.182 

.188 
e195 
.203 
.211 
.221 
.231 
.241 
.254 
.268 
.28b . 3@7 
.333 
383 
F 

a 

I 

CRACK PROPAGATION BATA FOR Ti-6U-4V ELI 
MATERIAL IN THE (STA) CONDITION TESTEL) 

84 
AT -lOO°F. 



U 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
6,000 
9,000 

10,000 
b l , Q O O  
r2,ooo 
13,009 
14 ,COO 
15 ,ow 
16 ,OQO 
17,000 
18,000 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 
26 ,OQO 
27,000 
28,000 
29,000 

31,000 
3,006 
33 ,OQO 
34,000 
35,000 
36,000 
37,000 
38,000 
39,000 

30,090 

.07@ 
a 870 
071 
071 
071 
072 
LO72 
e 072 

, OT? 
0073 
074 
374 
0075 
076 
.076 
0 077 
.078 
079 
080 

,081 
.082 
,083 
.085 
.086 
,087 
s o 8 9  . 090 
.092 
.ogk 
.096 
.Og8 
.loo 
.lo2 
.lo4 
.io6 
,108 
111 
114 

.I17 

"." 

e0TS SO72 4070 
e070 e072 ,070 
,071 ,072 ,071 
*0?2 ,073 ,071 
e071 e 0 7 3  ,072 
.O?l .07b ,072 
.ST2 ,074 ,073 
,072 .074 ,074 
,072 .075 .074 
'073 ,076 .on 
. o n  .076 .076 
,074 ,077 ,077 
,O?b .077 .078 
*UT5 ,078 ,079 

.079 ,080 
,076 ,080 .081 
.078 ,080 .O82 
.079 ,081 .883 
.079 ,082 ,084 
A80 ,083 .085 
,081 ,084 .086 
-083 .084 ,087 
,084 -086 ,088 -- ,086 ,089 
.O% ,088 ,090 
.O8Q -089 ,091 

,092 .092 ,094 
-093 .093 .096 
.095 ,094 .097 

0090 ,090 ,092 

.og7 .096 .og8 
,099 0097 ,100 
,101 ,099 ,101 
-103 e101 ,103 
,106 .lo2 ,105 
,108 ,105 ,106 

.I14 ,108 ,111 
,111 .io6 ,108 

e117 ,110 ,113 
,121 ,113 ,115 

CYCbBS k. 
40,000 

42 ,000 
43,000 
44,000 
45,004) 
46,000 
47,000 
48,000 
49,000 
50,000 
51,008 
52,000 
53,000 
j4,000 
55,000 
56,000 
57,000 
58,000 
59 ,om 
60,000 
61,OOO 

63,000 
64,000 
65,000 
66,000 
67,000 
68,000 

Ci ,000 

62,000 

1-2 4 -4 

120 
,124 
, 128 
131 
135 
.I39 
,144 
e a49 
e 1 5 9  
, a60 
.166 
, 192 
18s 
.186 
.I94 
,202 
212 
,220 
231 
.243 
,256 
,243 
,291 
, 316 
* 361 
P 

,125 
130 

,134 
138 

4 143 -- 
1% 

2.58 
, 167 
.170 
,175 
0 182 
E88 

0 193 
,205 
e 23.4 
,223 
,234 
,247 
.260 -- 
e 301 
331 
F 

1-12 -- 
e an5 
A18 
la 

.124 
6 127 
0 131 
*Ish 
,138 
,142 
,11147 
152 
156 

~ 6 1  
166 

,172 
.178 
185 
.192 
a201 
,209 
,219 
.230 
.242 
,258 
.276 

,316 
, 294 

352 
F 

h-11 

117 

e 122 
124 
, 128 
,139 
135 

,139 
143 
147 
152 
156 
, 161 
, 167 
* 174 
,180 
1116 

d193 
,202 
, 212 
.222 
,232 
,243 
, 256 
.272 

, 310 
, 341 
F 

119 

,290 

CRACK PROPAGATION DATA FOR Ti-6Al-bV ELI 

AT -20O0F. 
FORGED M m I h  TESTED IN IWE (STA) CONDI!i?fON 



2-10 2-5 

0 
1,000 
2 ,OQO 
3,000 
4,000 
5,009 
6,000 
7,000 
7,500 
t3,OQG 
3 , W O  
10,000 
11 $000 
12,008 
13,000 
14,000 
I5,OOO 
16,000 

18,000 
rg,ooo 
20,300 
21,000 
22,000 
23,000 
24,000 
25,000 

27,000 
27,300 
28,000 
29,000 
30,aoo 

17,000 

26,000 

* 062 
064 
.S66 
e 969 
0 070 
0073 
077 
,081 

.a85 
088 
.092 
.096 
, 101 
0105 
.a11 
,118 
125 
134 
.144 
e145 
168 
.183 
.a04 
3 218 
,234 
0257 
.288 
F 

0 

u 

,068 
0 070 
o 073 
076 
0079 
,082 

085 
.088 
090 
094 
0099 
0103 
0 107 
,352 
118 
.125 
134 
140 
149 
159 
170 

0 183 
3-97 
,213 
,232 

e 266 

- 

- 
. 294 
* 325 
F 

062 
061r 

.0t6 
,084 
-095 
, 111 
132 

,068 

- 
, 156 
184 
0210 
238 
.272 
304 
F 

- 
- 

,071 
,oes 
100 
.116 

, 1.46 
,158 
,188 
e 219 
,250 
e 283 
o 315 
F 

- 

CRACK PROPAGATION DATA RJR ~ i - 6 ~ 1 - 4 ~  ELI 
FORGED MAmRIAL TESaD IN THE WELb AREA 
AT AKBIEEIT "PEMTlJFU3, 

86 



0 
1,000 
2 ,QOO 
9,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
10,000 
11,008 
12,000 
13,000 
14,000 
15,000 
16,080 
17,000 
18,000 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 
26,000 
27 ,QOO 
28,000 
29,000 
P ,000 
31% ,000 

,052 - ,051 ,052 
.052 - ,055 *OS5 
,053 - ,060 ,057 
.05h - ,065 .060 
,054 - .072 .065 
4055 ,054 ,079 .070 
.Q56 ,054 ,087 .074 

.057 ,057 ,101 .086 
,058 .059 ,110 ,092 
,059 .062 .I20 ,100 

,062 .066 ,140 .115 
,064 ,068 .151 .124 
,066 .071 ,162 ,133 
,069 .074 ,173 ,142 
.072 .077 .185 ,153 
,076 .08i ,201 ,164 
,080 ,083 .214 ,177 
.O& ,087 ,236 .19Q 
.08p ,090 .260 .20a 
.094 ,094 ,290 ,229 
.099 ,098 - ,256 
. lo3 - P .290 
,109 ,111 F 
,115 ,117 
.121 ,123 
,126 .130 

,138 ,145 
,147 .153 
.157 ,161 

.056 .os ,094 ,080 

.06~ ,063 ,131 .io8 

.ix .136 

Cr4ck Length 12s) in incher 

2-13 4-2 2-12 3-14 
CYCLES 

32,000 
33,000 
34,000 
35,000 
36,000 
37,000 
38,000 
39,000 
40,000 
41,000 

,168 
,179 

,200 
,218 
,229 
,243 
,269 
299 
F 

b 191 

170 
,180 
e 292 
206 
,22b 
,243 
,260 . 284 
.303 
F 



Crack Length (2a) in inches 
6 , sAHpLE 

3-10 2-8 2-11 4-12 

0 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 

10 ,uoo 
11,000 
12,000 
13,000 
14,008 
15,000 
1.6,ooo 
17,000 
18,000 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 
26,000 
27,000 
28,000 

30,000 
29,000 

31,000 

,053 
,053 
,054 
.054 
.os5 
,056 
,057 
,057 
.058 
*OS9 
060 

,061 
, 063 
06C 
065 
067 

.068 
, 070 
-071 
,073 
0075 

,079 
,076 

,081 

,085 
.088 
,090 
*093 
0095 

.083 

e 098 - 

-. - 
-. - 
I - - 
" 
c 

" - - 
u - 

,065 

,068 
.067 

.070 

.071 
073 

,075 
,076 
0079 
,080 
,082 
, 083 
,085 
,087 
,089 
,091 
e093 
,095 

- ,053 - ,053 - , 054 
.OS5 ,054 
,056 ,056 
e057 ,057 
.058 ,058 
.059 ,060 
.061 ,062 
.062 ,064 
,063 .066 
,064 .069 
,065 ,071 
,066 ,074 
-067 bov  
,069 ,079 
.G71 ,082 
,073 ,086 
,074 ,089 
,076 ,092 
,078 ,095 
,079 ,099 
,081 ,103 
.083 ,107 
.085 ,112 
,087 ,117 
,090 0122 
,092 ,127 
e093 ,133 
,096 ,138 
,098 ,144 
-101 ,151 

Crack Length (2a) i n  i n c h e s  
\SAMPLE 

3-10 2-8 2-11 4-12 

32,000 
33,000 
34,000 
35 ,ooa 
36;ooo 
37,000 
38,000 
39,000 
4s ,000 
41,080 
42,000 
43,000 
44,000 
45,000 
46,000 
47,000 

49,000 
48,000 

50,000 
51,000 
52,000 
53,000 
54,000 
55,000 
56,000 
57,000 
58,000 
59 ,000 
60 ,OOQ 

,107 ,097 ,104 
,111 . ~ Q O  "137 
,116 ,103 ,111 
,120 ,106 ,115 
,125 ,109 ,121 
,130 0112 ,129 
,137 ,115 m135 

,150 ,123 ,147 
,143 ,119 ,141 

,157 ,127 ,154 
,164 ,130 ,160 
e172 ,134 ,166 
,182 ,138 ,174 
,192 ,143 ,182 
,203 ,148 ,192 
,218 ,153 ,204 
.232 ,160 ,216 
.25i ,167 ,233 
,266 ,174 ,255 
,296 ,181 ,284 
F -186 ,343 

192 F 
199 

,213 
.229 
, 246 
, 267 
303 
F 

159 
169 
, i80 
191 

.202 
e 215 
,234 
,264 
F 

CRACK PROPAGATION DATA FQR ~ i - 6 U - 4 ~  ELI 
IQRGED MATERIAL TESTED IN THE: WID AREA 
AT -100'F. 

1 

1 

88 



Cra.ek Length (2a) in inchaa 

2-6 3-12 4-10 4-3 

0 
1,000 
2,000 
3 ,QOO 
4,000 
5,000 
6,000 
7,000 
8,000 
9 ,OW 
10 ,OQO 
11 ,coo 
12,000 
13,000 
14,000 
15,000 

17,000 
18,000 
19,000 
20,080 
21,000 
22,000 
23,000 
24,090 
25,000 

16,000 

26,008 
27,000 
28,000 
29,000 
30,000 
31,000 

,055 
,055 
,056 
.a56 
,057 
.Q58 
,058 
,059 
,060 
,061 
,062 

I 065 
,067 
,068 

063 
,064 

e 070 
,072 
074 
,076 
c 079 
,082 
,085 
,088 
.og1 
096 

*BOO 
.lo4 
,108 
0 112 
e 117 
e 122 

- 
-. - .. 
0 - - - 
- 
0 

.065 
066 

.oQ7 
,068 
069 
070 

,072 
,073 
*075 
.078 
*Om 
.082 
,084 
,087 
,089 
,091 
,093 
e095 
.097 
.J.OO 
.lo2 

,055 
,055 
,055 
,056 
,057 
.058 
059 

.060 
,061 
.063 

,065 
,067 
, 068 

,064 

,070 
-071 
,073 
075 

,077 
079 
,081 
,083 
,085 
,087 
.089 
,092 
,093 
,095 
.098 
,100 
,103 
,106 

.054 
,055 
,056 
6 057 
,057 
,058 
059 
.060 
,061 
,062 
,063 

,066 
,067 
,069 
070 * o n  
,073 
,075 
e077 
079 

.064 

,081 
,083 
.085 
,088 
,091 
e 094 
,097 
,100 
.lo3 
e107 
,112 

32,000 
33,000 
34,000 
35 ,OQO 
36,000 
37,008 
38,000 
39,000 
40,000 
41,000 
42,000 
43,000 
44,000 
45 ,OQO 
46 ,BOO 
47,060 
48,000 
49,000 
50,000 
51,000 
52,000 
53,000 
54,000 
55,000 

57,000 
56,000 

0 127 
133 
.140 
,147 
,156 
,166 
180 
,188 
.280 
,213 
226 

a 2k5 
.264 
,282 
e 302 
B 

,105 
,108 
* 110 
e113 
117 
, 120 
124 
128 

a 132 
137 
141 
,146 
,151 
,158 
,164 

,183 
-173 

,195 
.206 
220 
e230 
e255 
.276 

,343 
, 303 

F 

.i09 
,112 
117 
,121 
* 128 
a135 
.141 
,147 
,154 
, 162 
, 173 
,181 
,194 
.206 
,221 
,245 
,287 
,353 
F 

* 116 
120 
126 

e 131 
,137 
a 143 
152 

e 160 
,169 
3-79 
,192 
.208 
,229 
,270 
, 310 
F 

CRACK PROPAGATION DATA FOR Ti-6Al-bV ELI 
FORGED MATERIAL TESTED XB THE WELD AREA 
AT -200°F. 
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APPENDIX B 

FATIGUE CRACK GROWTH UTE DATA FOR FORGED AND WELDED 
TI-Gfi-bV ELI MATERIAL 

91 



L 

C R A C K  G R O W T H  R A T E ,  T I C H E S / C Y C L E  

8.34 
8.69 
9.03 
9.35 
9.67 
9.99 

10.29 
i o  .Go 
10.88 
11 . 46 
12.01 
l2.56 
13.10 
13.63 

14.68 
15.21 
15.73 
16.27 
16.81 
17 . 36 
17.93 
18.50 
19 009 

14 . 16 

70 
.80 

695 
1.10 

1.23 
1. 33 
1.50 
1.60 
1.75 
2.13 
2.45 
3.00 
3.50 
3.73 
4 .OO 

4.35 
4.95 
5.40 
5.60 
6 . 0  
6.35 
7.00 

7.75 
8.50 

75 
.88 
1.10 
1.25 

1.53 
1.70 
1.83 
2.00 

2.15 
2.25 
2.45 
2.73 
2.85 
3.05 
3.40 
3.83 
4.35 
4.70 
4.30 
5.63 

6.85 
7.75 
8.20 

6.18 

. 73 
e 8 4  

1.03 
1.18 
1.38 
1.52 
1.67 
1. 80 
1.94 
2 I9 
2.45 
2.87 
3.18 
3.39 
3.70 
4.09 
4.65 
5.05 
5 045 
5.82 
6.27 

6 093 
7.75 
8.35 

76 . 88 
1.08 
1.25 
1.47 
1.63 
1.81 
1.97 
2.16 
2.47 
2.83 
3.41 
3.88 
4.27 
4.82 
5.52 
6.52 

8.33 

10.56 
12.31 
14  . 58 

7.38 

9.32 

16.70 

85 
e 90 

1.05 
L.20 

1.83 
2.35 
3.10 
3.95 
4.50 
5.30 
6.20 
7.25 
8.15 
9.35 

10 005 
10 0 8 0  
12.80 
14.30 

15  0 35 
15 075 
17 $05 
18.25 
20 e o 0  

20 . 85 

65 
e 4 1 0  

h 010 
1.40 
1.92 
2.25 
2.83 
3.25 
3.85 
5 a 2 0  

6.15 
6.80 
7.35 
7-75 
8.30 
8.95 

10 000 

11 50 
12 50 
14 . 50 
16 . 50 
17 e 50 
17.60 
19 30 

e 7 5  
e 85 

1 e o 8  
1.30 
1.83 
2.30 

2.97 
3.60 
4.18 
5 .a5 
6.18 
7-03 
7 075 
8.55 
9 018 
9.88 

11 . 40 

12 490 

13.93 
15 013 
16.78 
17 . 88 

20.08 
18 . 80 

78 . 89 
1.13 
1.38 
1.95 
2.47 
9.22 
3.94 
4.62 
5 093 
7 1.5 
8.34 
9.46 

10 77 
11.95 
13.34 
15 099 
18.86 
21.28 
24.24 
28 . 26 
31.77 
35 38 
40 e 16 

, 

CRACK GROWTH RATE DATA l%R TlbA1-4V EZI 
PIlhTERIAL x# THE (STA) CONDITION WTED AT 
AMBIrn TpIpm!rum. 
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C R A C K  G R O W T H  R A T E ,  log6 I H C H E S / C Y C L E  

8.3b 
8.69 
9.03 
9.35 
9.67 
9.99 
10 *29 
io .60 

11.46 
12.01 
12 . 56 
13 . 10 
13.63 
14.16 
14.68 

PO .88 

15 e21 

15.73 
16.27 
16 . 81 
17.36 
17.93 
18.50 
19.09 

0.60 
0.80 
0.82 

0.95 
1.20 
1.25 
.1.20 
1.33 
le50 
1.80 
2.35 
2.60 
2.88 
3.08 
3.43 
4.00 
4.08 
4.48 
4.90 
5.20 

5.90 
6.55 
7.45 
8.30 

0.55 
0.78 

0.80 
Q.90 
1.00 
1.05 
1.15 
1.28 
1.55 
1.80 
2.03 
2.20 
2.65 
3.00 
3.53 
be05 
4.40 

4.93 
5 .35 
5.75 
6.20 
7.25 
7.85 
8.60 

0.58 

0.75 
0.83 
0 *93 
2.10 
1.15 
1.23 
1.30 
1.53 
1.80 
2.19 
2.40 

2-77 
3.r4 
3.48 
4.03 
4.24 
4.71 

5 .48 
5 *13 

6.05 
6 .go 
7.65 
8.45 

0.60 
0.78 

0.98 
1.17 
1.24 

Oe87 

1.33 
1.42 
1.69 
2.03 
2.53 
2.85 
3.38 
3.83 
4.53 
5.44 
5.95 
6.89 
7.84 
8.78 
10.19 
12 . 26 
14 . 40 
16 .go 

0*51 
0.68 
0.80 
0 .go 
1,40 
1.80 
2.75 
3.10 
3.40 
4,00 
4.35 
4.65 
4.90 
5 a20 
5.60 

6.20 
6.50 

5.83 

6.80 

7.38 
7.75 
8.00 

8.60 
9.15 

0.70 
0.90 
1.50 
2.25 
2.50 
2.80 
3.20 
3.98 
4.40 
5 a03 
6.15 
6 e 7 5  
7.20 

7.50 
7.95 
8.30 

8.75 
9 .oo 
9 2 5  
9.90 
10 A0 
11.30 
11.80 
b2 50 

0.61 

0.79 
1.15 
1.58 

1.95 
2.30 
2.98 
3.54 
3.90 
4.52 
5 2 5  
5 e70 

6.05 
6.35 
6.78 
7.05 
7.48 
7.75 
8.03 
8.64 
9.58 
9 .65 
10.20 
10.83 

0.63 
0.82 
1.21. 
1.67 
2.08 
2.47 

3.88 
4.31 
5 .ll 

3.23 

6.07 
6.77 
7.39 
8.00 
8,83 
9.52 
10 . 49 
11 33 
12 0 23 
13 . 84 
15 29 
17 15 
19.20 
21.66 

CRACK GROWTH DATA FOR Ti-6AI-kV ELI FORGED 
MATHIIAL IN THE (STA) CONBITIOH TESTED AT O'F. 
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C R A C K  G R O W T H  RA%E,10-6 I l ! C H E S / C Y C L E  

1-7 4-8 Avg, Avg. 3-1 1-10 Aver. A v ~ .  

8.69 
9 .03 

9.67 

10 . 68 10 *29 

11.46 
12.01 
12 . 56 
13.63 
13.10 

14.16 
14.68 
15 -21 
15-73 
16 -27 

16 . 81 
17-36 
17.93 
18.50 

19 e 0 9  

0 

35 
63 
90 

1.08 
1. 33 
1-55 
1.78 
2.10 
2-38 
2.45 
2-70 
3.08 
3.45 
3-90 
4.50 
4.85 
5.25 
5.70 
6.40 

- 
35 - 55 
70 - 90 

1.05 
1.45 
1-90 
2.05 
2.40 
2.65 
2.80 
3.00 
3.38 
3-70 
4-05 

4055 
5.10 
5.48 
5-80 

- 
35 
59 
.8Q . 99 
1.19 
1.50 
1.84 
2.08 
2-39 
2.55 
2-75 
3.04 
3.42 
3.80 
4.28 
4.70 
5.18 
5.59 
6.10 

. 37 
-63 
87 

1.09 
1.34 
1.74 
2.18 
2-51, 
3-01 
3-32 
3-59 
4 -27 
5 -00 
5 -81 
6.86 
7.91 
9.20 
10-52 
12.20 

A 5  
85 

1.05 
1.43 
1-60 
1.80 
2.10 
2.38 
2.85 
3.10 
3.40 
3.70 
4 -60 

4-38 
4.95 
5.55 
6 -18 
7-03 
8.10 
a, 85 

-80 

85 
1 e05 
1.26 
1.78 
1.98 
2.18 
2-45 
2-75 
3-15 
3.68 
3-90 
4-20 
4.45 
4.95 
5.55 
6 .io 
6.70 
7-15 
7.58 

* 71 - 85 
1.05 
1.36 
1.69 
1.89 
2.24 
2.42 
2.80 
3-13 
3.54 
3-80 
4-10 
4.42 

4 .95 
5.55 
6.14 
6.87 
7.63 
8.22 

.74 
89 

1.12 
1.47 
1.87 
2.14 
2.48 
2.87 
3.42 
3.94 
4 -61 
4.96 
5.75 
6-46 
7-56 
8-89 
10 . 34 
12 e 21 
14 e 36 
16.44 

CRACK GROWTH RATE DATA POR Ti-6Al-bV ELI 
FORGED MATERIAL IN THE (STA) C02SDITION 
TESWD AT -lOO°F. 
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-~~~ 

C R A C K  G R O W T H  R A T E ,  loe6 I N C B E S I C Y C L E  , 

9.67 
10.29 
10 . 88 
11.46 
12 e 01 
12 . 56 
13.63 
13.10 

14 . 16 
14.68 
15.21 
15 -73 
16.27 

17.36 
16 . 81 
17.93 
18.50 
19 *Q9 

.60 
a 8 0  
1.10 
1.35 
1.90 
2.10 
2.38 
2.50 
2.73 
3.05 
3.38 
3.70 
4.08 
4.43 
4.50 
5 a00 

5.50 
6.30 

. 55 . 80 
1.05 
1.28 
1.60 
1.90 
2.30 
2.70 

2.95 
3.28 

3.55 
3.88 
4.25 
4.60 
5.00 
5.50 
6.20 
6.70 

58 .62 
.Bo 87 
1.08 1.19 
1.32 1.49 
1.75 2.02 
2.00 2.37 
2.34 2.86 
2.60 3.28 
2.84 3.70 
3.17 4 .28 
3.47 4.87 
3.79 5 .54 
4.r7 6.37 
4.52 7.24 
4.75 8.00 
5 e25 9.33 
5.85 11.01 
6.50 13.00 

. 40 
465 
e 83 

1.13 
1.50 
1.83 
2.10 
2.35 
2.65 
2.98 

3.65 
3.25 

4.25 
4.65 
5 e25 

5 .75 
6.45 
7.08 

. 48 

. 80 . 60 
1 e05 
1.30 
1.55 
2.00 
2.38 
2.60 
2.98 
3.35 
3.80 
4.40 

4.75 
5.10 
5.35 
6 .OO 

6.60 

0 44 . 63 
.82 

1 eo9 
1.40 
1.69 
2.05 
2.37 
2.63 
2.98 
3.30 
3.73 
4.33 
4 .70 

5.18 
5.55 
6.23 
6.84 

. 47 . 68 
e91 
1.23 
1.62 
2.01 
2.50 
2.99 
3.42 
4.02 
4.63 1 

5.45 
6.62 4 

7.53 

9.86 
11.72 
13 . 68 

8.72 

CRACK GROWTH RATE DATA I!%R Ti-6A1-4V ELI 
FORGED MATERIAL IN THE (STA) CONDITION 
TESTED AT -200'F. 
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- - 
C R A C K  G R O W T H  R A T E ,  I I C H E S / C Y C L E  

8.69 
8.83 

9.67 

10.88 
11.46 
l2 001 
12.56 

9.03 

10.29 

13.10 
13.63 
14 . 16 
14 . 68 
15.21 
15 073 
16.27 
16.81 
17.36 
17-93 
18.50 

19 009 

- 
- 

1.30 
1.68 
2.00 
2.48 
2.85 
3.55 
4.38 
5.25 
5.75 
6.28 
6.95 
9.75 
7.95 
8.30 
8.70 

9.13 
10 .OQ 
10.78 
12.85 

- 
0 

1.30 
1.50 
1.70 
2.10 
2.70 
3.30 
3.65 
4.25 
4.65 
5.45 
6.03 
6.35 
6.80 

7.73 
8.65 

~ 2 5  
9-70 

12 35 
13 50 

- 
.- 

1.30 

1.59 
1.85 
2.29 
2.78 
3.h3 
4.02 

4.75 

5.86 
5.20 

6.49 

7.38 
8.02 
8.68 
9.42 

7.05 

10~63 
11 57 
13.18 

- 
- 
1.36 
1.49 
2.00 

2.53 
3.14 

3.97 
4.77 
5.80 
6455 
7.63 
8.76 
9.89 
10 79 
12.25 
13 90 
J 5.86 
18 . 89 
21.77 
26.36 

1.55 
2.30 
3.95 
5.40 
6.05 
7.35 
8,so 
9.75 
10 . 85 
12 000 

1C 70 
13.40 
13855 - 
13.85 - 
1.4.65 - 
25.25 - 
16 .oo 

2.00 
2.60 
3.40 
5 070 
7.33 
8 e 40 
9.25 
9.70 
1.0 020 

10 070 
11 e 85 
13 . 40 
14.20 

- 
14.95 

" 

15 0 30 - 
15.60 

I) 

15 085 

1.78 
2.55 
3,46 
5 005 
6.69 
7.88 
8.03 
9.73 
10 m53 
11 35 
12 028 
13.40 
13.02 

14 . 40 - 
- 

14.98 

15.43 

- 
0 

15 093 

1.86 
2.56 
3.86 
5.38 
7.25 
a.72 

11 . 26 
12.. go 
13.86 
15 047 

10.03 

17 45 
18.74 - 
21 05 - 
24.06 

27 . 42 - 
31 . 86 

. x ".. 

CRACK GROWTH RATE DATA FOR ~i-6A2-4V ELI 
FORGED MATERIAL TESTED IN TIE WELD AREA 
AT AMBfEHT TEMPERcLTUREo 
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C R A C K  G R O W T H  R A T E , 1 O g 6 I ~ C H E S ; @ Y C L E  

8.34 
8.69 
9 *03 
9.67 

10 -29 

10 -88 
u .46 
52.01 

12 . 56 
13.10 
13.63 
14.16 
14-68 
15 -21 

15 73 
16.27 
16.81 
17 36 
17.93 
18.50 
19 .09 

70 
1.23 
1.60 
2.05 
2.30 
2.50 

2.78 
3.08 
3.40 
3.88 
4.33 
4.85 
5 a23 
5.40 
5 -80 
6.20 

6.75 
7*40 
8-05 
8.85 
9 e90 

1.05 
1.23 
1.35 
1.70 
2.05 
2.50 

2.95 
3-25 
3.50 
3.75 
4.25 
4.45 
4.90 
5.50 
6.15 
6 .go 

7.70 
8.35 
8.90 

9 -25 
9.60 

.88 
1.23 
1.48 
1.88 
2.18 
2.50 

2.87 
3 ~ 1 7  
3-45 
3.82 
4.29 
4.65 
5 -07 

5.45 
5.98 
6.55 
7-23 
7-88 
8.48 
9.05 
9 .?5 

.91 
1.28 
1-55 
2.00 

2.36 
2-76 
3.24 
3.67 
4.10 
L .66 
5.40 
6 .os 
6.84 
7.65 
8.74 

10 so1 
11.58 
13.27 
15.09 
17-03 
19.50 

2.08 

2.85 

3.65 
4.03 
4.20 

4.45 
4.75 
4.85 
5 .lo 
5.38 
5.75 
6 .OS 
6.45 
6 -85 
1.44 
7.95 

3.25 

8.68 
9.70 

10.73 
IS.. 85 

1.93 
2.15 
2.38 
2.78 

3.30 
3.75 
4.03 
4.20 

4.50 
4.30 
5 -30 
5 *YO 
6.15 
6 .go 
7.75 
8.80 
9.70 

11.25 
12.45 
13.40 
l k  30 

2.01 2.08 

2.50 2.61 
2.82 2,96 
4.22 3.43 
3.61 3.98 
3.98 4.40 
4.24 4.79 
4.48 5.18 

5.00 6.10 

5.73 7.46 
6.11 8.25 

4,68 5.56 

5.34 6.73 

6,68 9.37 
7.30 10.67 
6.12 12.41 

8-83 14.14 
9.97 16.79 

11.08 19.69 
12.06 22.70 
13.08 26.16 

CRACK O X W H  HATE DATA FOR Ti-6Kl-4V ELI 
F'ORGED MATERIAL TESTED I14 THE WELD AREA 
AT O°F. 
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9-03 
9.67 

10 .23 
10.88 
11.46 
12.01 

12.56 
13.10 

13.63 

14.68 
14.16 

15.21 
15.73 
16.27 
16.81 
17 . 36 

18.50 
17.93 

19 e09 

. 83 
1.10 

1.38 
1.70 
2.20 

2.45 
2-75 

3.45 
3.83 
4.40 
5.00 

3.10 

5.50 
6.05 
6.70 
7.50 
8.30 
g*10 
9.63 

78 
85 

098 
1.23 
1.58 
1.80 
2.00 

2.30 
2.60 
3.08 
3. 35 
3.60 
4.10 
4.70 
5.58 
6.78 
7.85 
8.95 
9.8s 

. 81 
098 

1.18 
1'47 
3.89 
2.13 
2.38 
2.70 

3-03 
3.46 
3.88 
4.30 
4.80 
5.38 
6.14 
7.li 
8.08 
9-03 
9.72 

85 
1.04 
1.28 

1.62 
2.14 
2.46 
2.82 

3.82 
3.30 

4.50 
5.24 
6.03 
7.02 

8.22 
9.84 

12.02 

14.36 
16 .w 
19.44 

0 8 0  

.93 
1.08 
1.45 
1.90 
2.43 
2.83 
3*03 
3.38 
3 .?5 
4.25 
4.85 
5.38 
5.95 
6.63 
7.20 

8.05 

9 .hO 
10 .95 

1.30 
1.45 
1.70 
1 .go 
2,18 
2.50 
2.83 
3.20 

3.75 
4.20 
4.70 
5 *13 
5.85 
6.50 
7.23 
8.50 

10 boo 

12.35 
15 .OO 

1.05 
1.19 
1.39 
1.68 
2.04 
2.47 
2.83 
3.33 
3.57 
3.98 
4.50 
4.99 
5.62 
6.23 

6.93 
7.85 
9 A3 

10.88 
22.98 

1.10 

1. .27 
1.51 
1.86 
2.30 
2.86 
3.36 
3.82 
4.50 
5 .n8 
6.08 
7 .OO 

8.22 

9.52 
11.10 

13.22 

16.05 

25.96 
20.48 

CRACK GROWTH RA!TE DATA FOR Ti-GAl-bV ELL 
FORGED MATERIAL TES'bED IN THE WELD AREA 
AT -1WF.  
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9.03 
9.67 
10 e29 

10.88 
~ . l + 6  
12 101 

12.56 
13.10 
13.63 
14.16 
14.68 
15.21 

15-73 
16.27 
16.81 
17.36 
17.93 
18.50 

19 -09 

e 9 5  
1.33 
1.70 
2.00 

2.30 
2.70 
3.20 

3.65 
4,30 
4,60 
4.90 
5.30 
5.9Q 
6,30 
6.75 
7.40 
8.00 

8.65 

9 e 0 3  

T5 
1.00 

1618 
1.30 
1-45 

1.75 
2.10 

2.43 
3.00 

3.60 
4.25 

4.95 

5.05 

6.65 
7.40 
3.59 
9Lb5 

9.m 

5 -58 

85 
1.17 
1.44 
1.65 
1.88 
2,23 

2.65 

3.65 
4.10 
4.58 
5 .a3 
5.70 
6.18 
6.70 
7.43 
8.25 
8.90 

3.01s 

9,42 

0 89 
1.25 
1.56 
1,82 
2.12 
2.58 
3.14 
3.7s 
4,60 
5 ., 34 
6.18 
7.20 

9,44 
10.73 
12.46 
14.66 
16 75 
18.84 

8.33 

* 84 
I e80 

1.10 

1.35 
1*85 
2.55 

3-05 
3.35 
3.68 
4.05 
4.83 
$ .40 
6 .OS 

6.85 
7.53 
8,6O 
10 0 55 
11 75 
13 0 10 

* I ls  
1,OO 
s*40 

1 e 7 5  
2.05 

2.40 
2.88 

3.30 
3.85 
4.35 
5400 

5 .go 
5 . I 7 5  
8.13 
Bobo 
10 *h5 
11.80 
63.40 

15 .oo 

.83 e 87 
1,OO 1.07 
1.25 1034 
1.55 1.71 
1.95 2.20 

2.48 2.87 

3.35 4,06 
307% 4.72 
bo20 5.47 
$ .92 6.64 
5.65 7.93 
8.40 9.36 
7.49 11.4ab 
8.47 i3.57 
9.53 16,og 

U , l 8  3.9.87 
S2*58 23.68 
1he05 28.10 

2-97 3*$2 

99 


